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ABSTRACT 
COLD WEATHER CONCRETING 
BY 
Cris-Hawk Farrin 
University of New Hampshire, December, 2010 
Placing concrete in cold weather is conventionally performed using external 
devices such as heaters or insulated forms to protect fresh concrete from freezing 
temperatures. Such practices imbed excessive carbon and result in an undesirable carbon 
footprint. The purpose of this study was to investigate the feasibility of casting concrete 
in cold weather using chemical admixtures instead of hydrocarbons or expensive 
insulating blankets so construction can continue during the winter season in the Northern 
Tier States. Several innovative tests were performed to evaluate the properties and 
performance of cold weather concrete created with chemical admixtures. 
Results indicate adequate concrete strength can be attained through the use of 
chemical admixtures without the use of any heating or insulating and construction can be 
accomplished in the winter. However, due to less than desirable air void characteristics, 






Concreting in cold weather climates requires a well planned and significant effort 
to assure the concrete does not freeze before attaining a minimum level of strength, 
commonly accepted at 500 psi.' When the mix water in freshly placed concrete freezes 
before the concrete has set, the concrete's volume increases and cement hydration slows 
down and eventually stops. When the chemical reactions slow down, setting and 
hardening of the concrete are delayed. When the concrete eventually thaws, the chemical 
reactions are able to continue but the damage caused by the freezing exists as increased 
porosity over and above what the porosity would have been if freezing had not occurred. 
All hardened properties related to porosity are affected by the freezing. These include 
strength, elastic modulus, and permeability. The damage caused by freezing can be 
partially restored but in general the concrete will never have the quality it could have had 
if the freezing had never occurred. For instance, reverberation techniques exist that help 
to reduce the high porosity once the concrete has thawed but these techniques are not 
recommended.2 
When concrete is frozen after it has set but before it reaches approximately 500 
psi, the formation of ice crystals also causes internal destruction in the concrete that result 
in permanent strength loss. When concrete reaches approximately 500 psi before it is 
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frozen, a significant amount of the mix water has been chemically combined with the 
cement and thus cannot freeze. Concrete that reaches the minimum level of strength (500 
psi) before freezing will continue to slowly gain strength at temperatures above -10°C 
(14°F). At temperatures below -10°C (14°F) the cement hydration ceases and strength 
gain stops.2 
The American Concrete Institute (ACI) defines cold weather situations as three 
consecutive days on which the average of the maximum and minimum air temperatures is 
less than 5°C (40°F) as well as when the air temperature during at least 12 hours in any 
24-hour period is 10°C (50°F) or lower. In such circumstances there are several 
conventional methods commonly used to ensure placed concrete does not freeze. These 
methods include heating concrete ingredients such as water and aggregate prior to 
placement, heated form work, windbreaks, insulation, enclosures, and heaters. In 1991 it 
was estimated that the U.S. construction industry spent $800 million annually to protect 
fresh concrete from freezing.3 
An alternative to traditional cold weather concreting methods is to incorporate the 
use of chemical admixtures. Admixtures prevent concrete from freezing therefore 
achieving strength gain in cold weather. Several types of admixtures can be used in cold 
weather concreting including waterproofing, accelerating, water reducing, and antifreeze 
admixtures. Correctly using chemical admixtures can eliminate the need for traditional 
cold weather concreting methods, therefore potentially reducing the overall cost of 
construction in cold climates. 
2 
Objectives and Scope 
In this work, four cold weather admixture formulations and a control mix were 
evaluated in the laboratory and field to determine their performance in cold weather 
conditions. Each mix was tested with and without Ipanex, a waterproofing admixture. 
Ipanex is a complex alkaline earth silicate admixture that chemically reacts with portland 
cement to improve the physical and chemical properties of concrete. It is designed for 
waterproofing concrete and providing maximum protection against corrosion in steel 
reinforcement. It improves concrete by: 
• Increasing durability of concrete 
• Extending service life 
• Reducing permeability of concrete 
• Protecting against reinforcement corrosion 
The objective of this study was to evaluate the behavior and performance of cold 
weather concrete created with chemical admixtures. By conducting a series of 
experiments, the validity and plausibility of casting quality concrete without the use of 
conventional cold weather concreting methods was investigated. 
The scope of this work included: 
• Verifying the Cold Regions Research and Engineering Laboratories 
(CRREL) antifreeze admixture is viable and performs reliably 
• Verifying Ipanex nanotechnology is viable and performs reliably 
• Verifying the two technologies combined together with and without 





A large 10 ft by 10 ft walk-in freezer manufactured by Kickaroo Ltd. Co. was 
used in the laboratory testing. All cold weather mixes were cast inside the freezer using a 
2.5 ft3 capacity rotating drum mixer. To simulate a realistic scenario, cement and 
aggregates were stored inside the freezer prior to and during mixing. It is generally 
accepted that hydration of portland cement continues until the internal temperature drops 
below -10°C (14°F). This absolute lower limit was selected as the temperature to 
evaluate the cold weather mixes. Temperatures were monitored using thermocouples. 
Temperature within the freezer fluctuated between -5°C (23°F) and -10°C (14°F). Mixes 
cast inside the freezer were not protected from surface freezing and were left there for 72 
hours, which was the time required for internal concrete temperature and freezer ambient 
temperature to equalize, as indicated by thermocouple temperature measurements. Figure 
1 shows the insulated forms utilized to assure exposure to freezing temperatures on the 
unprotected surface only. Four inch diameter test cylinders were kept in the freezer inside 
chambers made from 2" thick insulation as shown on Figure 2. The intent was to allow 
air contact on the top concrete surface only, simulating a realistic situation in which a 
concrete slab was cast and only protected from thermal contact by the ground and 
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formwork. After 72 hours in the freezer, samples were removed from the insulation 
chambers and placed in a curing room at 21°C (70°F) and 100% relative humidity. 
Samples remained in the curing room until testing was performed. While this was the 
standard cold weather mixing procedure, some tests such as the alkali-silica reaction tests 
required mixing to take place outside of the freezer according to ASTM standards. 
Figure 2 Insulation chambers for cylinders 
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A series of tests were conducted to evaluate the performance of each concrete 
mix. Testing was performed to evaluate concrete strength, corrosion resistance, 
durability, time of set, alkali-silica reaction potential, and porosity. Strength tests were 
performed to evaluate different loading conditions that cold weather concrete could 
potentially experience. Strength testing included compressive strength tests, tensile 
strength tests, flexural strength tests, as well as modulus of elasticity tests. Tests were 
performed to evaluate the corrosion resistance of concrete to determine the mixes' ability 
to protect steel rebar in reinforced concrete. Corrosion resistance tests consisted of 
corrosion rate and half cell potential measurements of steel rebar embedded in concrete 
as well as chloride content tests to determine the concrete's ability to deter the ingress of 
chlorides which are ultimately responsible for corrosion and deterioration of steel rebar. 
Freeze-thaw resistance testing was performed to assess concrete's durability when 
exposed to repeated cycles of cold weather conditions. The time of set for each mix was 
evaluated to examine the early behavior of fresh concrete cast in cold weather conditions. 
Alkali-silica reaction tests were performed to check for adverse reactions between 
cement, aggregate, and admixture combinations. Finally, scanning electron microscope 
images were taken to estimate the porosity of paste portion of the concrete, which is 
indicative of permeability 
Mix Formulations 
Descriptions of the admixtures used in the study are presented in Table 1. All 
concrete mixes followed the New Hampshire Department of Transportation class AA 
bridge deck mix as shown in Table 2. The workability of the various mixes was highly 
6 
variable due to the impact of the relatively high dose of admixtures and an attempt to 
perform the study utilizing a fixed water to cement ratio was not reasonable. It was 
decided the mixes would be designed based on a constant slump of 6 inches. This was 
accomplished by varying the water to cement ratio as shown in Table 3. These ratios 
varied from 0.45 for the control to 0.40 for the CRREL mix. 






High-range water-reducing admixture 
Polycarboxylate superplasticizer 
High-range water-reducing admixture 
Polycarboxylate superplasticizer 
Corrosion-inhibiting admixture 
Anti-freeze admixture (calcium nitrite) 
Accelerating admixture 
Accelerating admixture (non-chloride) 
Water-reducing admixture 
Waterproofing admixture 
Corrosion-inhibiting admixture (by permeability 
reduction) 
Table 2 NHDOT Class AA bridge deck concrete mix from Dover Concrete 
3/4" Coarse Aggregate 
3/8" Coarse Aggregate 
Sand 
Portland Cement 
1400 lb/ydJ (80% of total coarse aggregate) 
360 lb/ydJ (20% of total coarse aggregate) 
11801b/ydJ 
611 lb/yd3 











The mixture formulations evaluated in this study are presented in Table 4. The 
values preceding those in parentheses are equivalent dosages for small laboratory mixes. 
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After reviewing each formulation, it was decided that Mix #12, developed in a 
previous study conducted by Pennsylvania State University researchers, would not be 
further evaluated in that it included a set retarding admixture (Pozzolith 122HE) which 
has no advantage in a cold weather concrete application. 







4.09 g/kg cement (390 mL/lOOkg cement) 
77.3 g/kg cement (5870 mL/lOOkg cement) 
6.06 gal/yd3 (30 L/m3 concrete) 
0.206 g/kg cement (20 mL/lOOkg cement) 
10.0 g/kg cement 





4.25 g/kg cement (45 oz/yd3) 
38.0 g/kg cement (400 oz/yd3) 
0.313 g/kg cement (3 oz/yd3) 
10.0 g/kg cement 
Pennsylvania State University Mix #8 Formulation 
Glenium 7500 (replacing Glenium 
3030) 
Pozzutec 20+ 
Glenium 7710 (replacing PS 1466) 
MB-VR 
Ipanex 
1.23 g/kg cement (1.96 oz/cwt) 
28.7 g/kg cement (45.9 oz/cwt) 
4.56 g/kg cement (7.3 oz/cwt) 
0.313 g/kg cement (0.5 oz/cwt) 
9.56 g/kg cement (15.3 oz/cwt) 
Pennsylvania State University Mix #12 Formulation 
Glenium 7500 (replacing Glenium 
3030) 
Pozzolith 122HE 
Glenium 7710 (replacing PS 1466) 
MB-VR 
Ipanex 
1.23 g/kg cement (1.96 oz/cwt) 
35.2 g/kg cement (56.3 oz/cwt) 
4.31 g/kg cement (6.9 oz/cwt) 
0.313 g/kg cement (0.5 oz/cwt) 
9.35 g/kg cement (14.8 oz/cwt) 
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CHAPTER 3 
LABORATORY TESTING RESULTS 
Several tests were performed in a controlled laboratory setting to evaluate the 
different cold weather concrete mixes. Material properties including compressive 
strength, tensile strength, flexural strength, and modulus of elasticity were determined 
using ASTM test methods. ASTM test methods were also used to determine freeze-thaw 
durability and times of set for the cold weather mixes. Reinforced concrete slabs were 
constructed in the laboratory to test the concrete's ability to protect steel rebar from 
corrosion. Two ASTM tests were performed to evaluate alkali-silica reaction in cold 
weather mortar mixes. SEM images were taken of samples to evaluate porosity of the 
concrete mixes. The results found in laboratory tests as well as conclusions based on the 
results are presented in the following sections. 
It should be noted that based on laboratory strength results and time of setting 
results, the CRREL mix was determined to be the most promising cold weather mix. 
Because of this, MB and PSU mixes weren't evaluated for freeze-thaw durability, 
corrosion protection, alkali-silica reaction, or porosity through SEM images. 
Furthermore, the MB and PSU mixes weren't evaluated during field testing. 
Strength 
In theory, all strength values should be related to each other, meaning the mix 
with the highest compressive strength would also be expected to have the highest flexural 
9 
and tensile strength, as well as the highest modulus of elasticity. Variables affecting 
concrete strength in this work include water/cement ratio as well as the types and 
amounts of admixtures used in each formulation. The CRREL mix was made with the 
lowest water to cement ratio and the highest volume of accelerating admixtures, 
suggesting that it should have the highest strength of the mixes tested. The Master 
Builder (MB) (now BASF) and Pennsylvania State University #8 mixes (PSU) contained 
similar amounts of accelerating admixture suggesting the two mixes should have similar 
compressive strength values. However, the MB mix was made with a slightly lower 
water/cement ratio and slightly less water-reducing admixture than the PSU mix, while 
the PSU mix contained slightly less accelerating admixture. The control mix had the 
highest water/cement ratio and contained no cold weather concrete admixtures suggesting 
it should have the lowest strength. 
Compressive Strength 
Compressive strength is the property most commonly tested for concrete. It is 
well known that the compressive strength of concrete is significantly higher than other 
types of strength such as tensile and flexural strength. Because of this, engineers design 
concrete structures in ways that take advantage of the high compressive strength. 
Furthermore, structural design codes are largely based on concrete compressive strength 
specifications. The test method for compressive strength is specified by ASTM C 39 -
Compressive Strength of Cylindrical Concrete Specimens, and is considered to be a 
relatively easy test to perform compared to testing of tensile concrete properties.4 Many 
concrete properties are believed to be related to compressive strength, including tensile 
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strength, elastic modulus, permeability, porosity, and resistance to weathering, making 
the compressive strength test one of the most significant tests. 
Besides water/cement ratio, the method and amount of curing arguably has the 
greatest impact on concrete's compressive strength. Concrete created with a high 
water/cement ratio ultimately leads to high porosity concrete and therefore lower 
compressive strength. Critical curing conditions that affect compressive strength of 
concrete are time, temperature, and humidity. Once concrete has been placed, these 
conditions greatly influence the cement hydration process.5 These conditions were 
closely monitored and controlled throughout testing. 
Compression specimens were mixed, cast, and left to cure inside the freezer held 
at -10°C (14°F) for 72 hours at which time they were transferred to a 22°C (72°F), 100% 
relative humidity curing room. Testing was performed on concrete at various ages 
between 1 and 28 days. At ages of 1, 2, 3, 4, 7, and 11 days, one cylinder from each mix 
was tested for compressive strength. At ages of 21 and 28 days, three cylinders were 
tested for compressive strength and the values were averaged. Compressive strength 




































































































































































































































































































































































































































































































































































































































































































































































The CRREL formulation showed the highest compressive strength at 3 days with 
an average strength of 3540 psi. The MB formulation yielded the next highest average 
compressive strength at 3 days with a value of 3430 psi. The PSU and control 
formulations had the lowest average 3 day compressive strength values, which were 1940 
psi and 1020 psi, respectively. In both the control and CRREL mixes, the mix containing 
Ipanex had a lower 3 day compressive strength compared to the mix without Ipanex. In 
both the MB and PSU mixes, the mix containing Ipanex had a higher 3 day compressive 
strength compared to the mix without Ipanex. 
Based on compressive strength testing, the CRREL formulation yielded the 
strongest concrete at 28 days with an average compressive strength of approximately 
7790 psi. The second highest compressive strength was achieved by the PSU mix 
which had an average 28 day compressive strength of approximately 7120 psi. The MB 
formulation resulted in the third highest 28 day strength with an average compressive 
strength of approximately 6910 psi. The average 28 day strength of the two control 
mixes which remained in the freezer for 72 hours after being cast was approximately 
3360 psi, less than half of the 28 day strength obtained by the cold weather mixes. The 
control mix moved directly into the curing room (Control #2 [No Ipanex]) yielded a 28-
day compressive strength of approximately 5510 psi. In all mixes except for the CRREL 
formulation, the mix without Ipanex yielded a slightly higher compressive strength than 
the corresponding mix with Ipanex at 28 days. 
The CRREL mix had the highest compressive strength as was also expected. The 
PSU and MB mixes yielded very similar compressive strengths at 28 days which was 
expected due to similar water/cement ratios and cold concreting admixture volumes used 
16 
in those mixes. The MB mix had a higher 3 day compressive strength; however the PSU 
mix had higher compressive strength at 7 days. This could be explained by the fact that 
the Master Builder mix contained slightly more accelerating admixture than the PSU mix. 
As the control mix had the highest water/cement ratio and used no accelerating 
admixtures, it was expected to be the weakest concrete. 
The compressive strength testing results suggested that Ipanex has no effect on 
compressive strength. While certain mixes attained slightly higher or lower compressive 
strengths both with and without Ipanex, there is no consistent trend in the data. 
Tensile Strength 
While concrete is designed to take advantage of its strength in compression it is capable 
of resisting tensile stresses as well. The formation of cracks in concrete is due to some 
type of tensile failure. In concrete highway pavements, tensile stresses play a role in 
determining the strength when concrete is subjected to bending or flexural loads.5 Tensile 
strength of concrete specimens was determined using the ASTM C 496 - Splitting 
Tensile Strength of Cylindrical Concrete Specimens test.6 This is one of the most 
common tensile tests used with concrete and uses a compressive load applied along two 
diametrically opposite axial lines to produce a transverse tensile stress inside the 
concrete. This is known as an indirect tension test. Direct tension tests are generally 
avoided as they cause secondary stresses that cannot be ignored. At ages of 3 days and 
28 days, two samples were tested for splitting tensile strength resulting in a total of 4 
samples tested for each mix. The results from the 3 day tests and 28 day tests were 


























































































The mix identifications (I) and (N) stand for with Ipanex and without Ipanex 
respectively. CRREL mixes yielded the highest 3 day tensile strength followed by PSU, 
MB, and control mixes, respectively. The highest 28 day tensile strength was achieved 
by the MB mixes, followed by CRREL, PSU, and control mixes, respectively. There 
were some unexpected results in the tensile strength testing including the fact that the MB 
mixes had the highest 28 day tensile strength. In addition, the MB mixes yielded a higher 
3 day compressive strength than the PSU mixes, but yielded a lower 3 day tensile 
strength which was unexpected. These results suggest that there isn't a linear relationship 
between compressive strength and tensile strength in the mixes tested in this work. This 
could be explained by the chemical reactions confounding between different admixtures, 
which is not well understood. 
Based on the splitting tensile strength test results, Ipanex does not appear to have 
a significant or consistent effect on the tensile strength of concrete. 
Flexural Strength 
ASTM C 78 - Standard Test Method for Flexural Strength of Concrete (Using 
Simple Beam with Third-Point Loading) was used to determine modulus of rupture of 
concrete specimens7. In this test, flexural strength is calculated using a simple beam with 
third point loading. This test is known to overestimate the tensile strength of concrete. 
Low strength concrete's modulus of rupture can be up to twice as high as its direct tensile 
strength. With high strength concrete, the values tend to be between 50 and 60 percent of 
the direct tension test.5 This can be explained in part by the fact that in flexural strength 
tests, only a small volume of concrete near the bottom of the sample experiences high 
19 
tensile stresses. The flexural strength test is normally carried out for concrete that is 
subjected to bending, such as highway and airport pavements. One flexural sample was 
tested at 3 days, and at three samples were tested at 28 days with the result presented as 
an average. The flexural strength data are shown in Figure 8. 
The highest 3 day flexural strength was achieved by the CRREL mixes, followed 
by control, PSU, and MB mixes, respectively. The highest average 28 day strength was 
reached by the MB mixes; however the highest single result was achieved by the CRREL 
mix with Ipanex. Surprisingly the CRREL mix without Ipanex was weaker at 28 days 
compared to when it was tested at 3 days. The 28 day strength of the PSU mix was 
slightly higher than the control mix which showed the lowest 28 day strength. The 
control mixes showed very little strength gain between 3 days and 28 days, suggesting 
that being in the freezer for 72 hours before being moved to the curing room caused its 
flexural strength gain to stop. As was the case in the tensile strength tests, the 3 day 
flexural strength of the PSU mixes was higher than the 3 day flexural strength of the MB 
mixes. 
Other than the flexural strength of the control mixes and the 28 day CRREL (N) 
flexural strength, the results were expected. The seemingly high 3 day flexural strength 
of the control mixes could be due to the fact that after 3 days in the freezer the modulus 
was some unknown function of the ice inside the concrete (See Appendix A). The low 
28 day flexural strength in the CRREL (N) mix was not likely due to a flaw in the test 
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Other than the low 28 day value observed in the CRREL (N) mix, Ipanex appears 
to have no significant or consistent effect on the flexural strength of concrete. 
Modulus of Elasticity 
The elastic modulus of concrete is complex as the stress-strain behavior of the 
concrete is dependent on three different components: aggregate, cement paste matrix, and 
the interfacial transition zone between the cement paste and aggregate. In this work, the 
ASTM C 469 - Static Modulus of Elasticity of Concrete test was performed on four inch 
diameter cylindrical concrete specimens.8 Since concrete is a heterogeneous material, 
numerous factors affect the elastic modulus. These factors include the volume fraction of 
the concrete's constituents, the density and modulus of elasticity of the concrete's 
materials, especially the aggregate, and the properties of the interfacial transition zone. 
In concrete there is a direct relationship between modulus of elasticity and strength due to 
the fact that both are affected by porosity.5 One cylinder was tested for each mix at both 3 
days and 28 days. The static elastic modulus data are presented in Figure 9. 
Surprisingly, the highest average 3 day static modulus of elasticity was achieved by the 
control mixes which could be due to the presence of ice inside the concrete at the time of 
testing (see Appendix A). While the PSU mix with Ipanex had the highest single 3 day 
modulus of elasticity, the PSU mixes had the second highest average 3 day static 
modulus of elasticity followed by the MB and CRREL mixes. As the CRREL mix 
yielded the highest compressive strength, it was also expected to obtain the highest static 
modulus of elasticity. A possible explanation for this is that the same phenomenon that 



























































































































As the CRREL mix was the mix containing the most accelerating admixture, it 
was the mix least likely to form ice crystals prior to reaching initial set, suggesting that it 
might have been the only mix that did not contain ice crystals at the time of testing 
therefore resulting in a lower observed modulus of elasticity. The highest 28 day static 
modulus of elasticity was reached by PSU mixes, followed by CRREL, MB, and control 
mixes, respectively. 
Ipanex appears to decrease the 3 day static modulus of elasticity while increasing 
the 28 day static modulus of elasticity. 
Freeze Thaw Durability 
In cold climates, concrete will inevitably be subject to cycles of freezing and 
thawing. When concrete is critically saturated with water, meaning the pore volume is 
larger than approximately 92 percent full of water, it is possible to develop hydraulic 
pressures that exceed the tensile strength of the paste matrix when freezing occurs. As 
the water inside capillary pores is frozen, its volume increases by approximately 9 
percent resulting in the formation of hydraulic pressure at the advancing freezing front. 
These pressures lead to expansion of the pores resulting in cracking. The cracking is 
perpendicular to the direction of the freezing front and as concrete is thawed and re-
frozen, the effect is cumulative. As freeze-thaw cycles continue, water has easier access 
into micro cracks of the cement paste matrix and when refrozen, the hydraulic pressures 
due to ice formation increase both the size and number of cracks. Freezing and thawing 
of concrete can result in surface scaling and disintegration of the cement paste. In this 
work the ASTM C 666 test for resistance of concrete to rapid freezing and thawing was 
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performed on specimens to determine the resistance of the concrete to rapid freezing and 
thawing.9 This test subjects concrete samples to repeated freeze-thaw cycles and 
measures the progressive internal damage by monitoring weight loss, length change 
(dilation), and decrease in dynamic modulus of elasticity. ASTM specifies a cooling and 
heating cycle between 4.4 and -17.8°C (40 and 0°F) to be completed in two to five hours. 
The test is continued for 300 cycles of freezing and thawing or until the dynamic 
modulus reaches 60% of its initial value, whichever occurs first.10 Testing was performed 
on 7 different CRREL and control mixes which are presented in Table 5. CRREL was 
the only cold weather mix evaluated for freeze/thaw durability because it showed the 
most promising strength characteristics. 
Table 5 Mixes evaluated under ASTM C 666 freeze-thaw testing 
Freeze/Thaw Samples 
Mix 
1-Control (no Ipanex) 
2-Control (with Ipanex) 
3-CRREL (with Ipanex) 
4-CRREL (with Ipanex) 
5-CRREL (no Ipanex) 
6-CRREL (no Ipanex) 
7-CRREL (no Ipanex, no 
Defoamer) 
Curing Conditions 
Mixed at room temperature, cured for 28 days in fog 
room 
Mixed at room temperature, cured for 28 days in fog 
room 
Mixed in walk-in freezer, left in freezer for 3 days 
then moved to fog room for 25 days 
Mixed in walk-in freezer left in freezer for 3 days then 
moved to chest freezer for 25 days* 
Mixed in walk-in freezer, left in freezer for 3 days 
then moved to fog room for 25 days 
Mixed in walk-in freezer left in freezer for 3 days then 
moved to chest freezer for 25 days* 
Mixed in walk-in freezer, left in freezer for 3 days 
then moved to fog room for 25 days 
*Samples were kept in a chest freezer at a temperature no higher than -25°C 
Note: CRREL mixes 3-6 in Table 5 contained a defoamer 
By moving samples to a chest freezer at a temperature below -25°C, the cement 
hydration process was stopped, simulating a concrete experiencing a freeze cycle 
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immediately after placement, representative of the first winter that the concrete was cast. 
The expectation in this testing was that samples which were not moved to the curing 
room (and instead kept in the chest freezer at <-25°C) would perform considerably worse 
than samples cured in the fog room for 25 days. Examination of the performance of the 
samples kept in the chest freezer could provide insight into the number of freezing and 
thawing cycles a concrete structure could experience in the first winter, assuming it was 
cast and cured at freezing temperatures. The samples that were moved to the fog room 
for 25 days were made to simulate how the concrete would perform after the first winter 
of placement, as concrete in this situation would have experienced several months of 
temperatures well above freezing. In addition, mixes containing Ipanex were expected to 
outperform corresponding mixes without Ipanex, which was the reason for casting the 
control mixes. Due to the decreased porosity and permeability provided by the Ipanex 
admixture, less water was expected to enter the cement pore system resulting in improved 
resistance to cycles of freezing and thawing. For each of the 7 mixes, three freeze-thaw 
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Figure 10 Length expansion of control samples 
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Figure 13 Weight loss of control samples 
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Figure 15 Weight loss of CRREL samples stored in freezer 
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Relative Dynamic Modulus of Elasticity (RDME) 
The relative dynamic modulus of elasticity is the ratio of the dynamic modulus of 
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Figure 18 RDME of CRREL samples stored in freezer 
This ASTM C 666 test was performed as per Procedure B by freezing and 
thawing samples submerged in water, which is known to be more severe than Procedure 
A by freezing and thawing samples in air. The test results found that all 7 sets were not 
freeze-thaw durable. A concrete durable to freezing and thawing is able to withstand 300 
cycles of freezing and thawing while maintaining over 60% of its relative dynamic 
modulus of elasticity. While all sets failed, the control mixes performed the best, 
followed by the CRREL mixes cured in the fog room and the CRREL mixes stored in the 
freezer, respectively. From the CRREL mixes cured in the fog room, the CRREL mix 
containing no Ipanex outperformed the other two CRREL mixes. As the concrete's air-
void system is an important factor in determining resistance to freezing and thawing, 
Table 6 summarizes these results with included air content information as determined by 
ASTM C 457 tests.1 
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It should be noted that the air content characteristics shown in the Table above 
represent one plane of one sample from each mix, and not necessarily the entire concrete 
mix. Adequately air entrained concrete with a maximum aggregate size of %" tends to 
have an air content between 5 and 6 percent. The spacing factor relates to the average 3-
dimensional distance between entrained air bubbles and 0.008 in. is accepted as the 
maximum value required for sufficient protection from freezing and thawing. The 
specific surface is a value to help distinguish between accidental larger entrapped air and 
the smaller entrained air bubbles. For satisfactory air-entrained concrete, the specific 
surface should be no less than 600 in."1. 
The air content values in Table 6 show that all 7 sets fail to meet the requirements 
for quality air-entrained concrete. Knowing this, it comes as no great surprise that all 7 
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sets failed the ASTM C 666 test. The control mix with Ipanex had the lowest spacing 
factor and the highest specific surface and performed the best in the freeze-thaw testing, 
as was expected. The control mix without Ipanex had the second lowest spacing factor 
and the second highest specific surface, and not surprisingly performed second best in the 
freeze-thaw testing. The CRREL mix with Ipanex that was cured in the fog room was 
expected to outperform the corresponding CRREL mix without Ipanex but it did not. 
The CRREL mix with no defoamer and no Ipanex that was cured in the fog room 
performed the worst out of the CRREL mixes cured in the fog room, which was expected 
based on its air-entraining characteristics. As was expected, the CRREL mixes stored in 
the freezer failed with the least number of cycles of freezing and thawing. It should be 
noted that these samples were shipped to the testing facility in a cooler containing 20 
pounds of dry ice. The samples were in the cooler for approximately 24 hours, and dry 
ice remained in the cooler when the samples arrived at the testing facility. Dry ice has a 
solid temperature known to be -78.5°C (-109.3°F) which is well below any temperature 
concrete would normally experience. While the effect of extreme temperatures of this 
magnitude on concrete is unknown, it could have resulted in decreased resistance to 
cycles of freezing and thawing. 
While the Ipanex did not improve resistance to cycles and freezing and thawing, 
the more significant issue in this work is the insufficient air-entraining. To achieve 
acceptable air content a higher dose or a different type of air-entraining admixture needs 
to be incorporated into the mixes. The CRREL mixes with defoamer contained 6 times 
the suggested dosage of MB-AE air-entraining admixture and met the air content 
requirement but failed to meet the spacing factor and specific surface requirements, 
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suggesting that the air bubbles in the concrete were too few and too large to successfully 
protect against damage due to cycles of freezing and thawing. The defoamer could have 
eliminated the smaller air-entraining bubbles in the CRREL mixes, but this does not 
explain the air-entraining characteristics of the control mixes, as they contained no 
defoamer. A synthetic air-entraining admixture such as MICRO AIR could be used, as it 
is aimed at creating stable, small, and closely spaced air bubbles. Due to the importance 
of freeze-thaw resistance in cold weather concrete, adequate air-entrainment is an 
essential characteristic for durable and reliable concrete. 
Time of Set 
Penetration Resistance 
Setting refers to the stiffening of cement paste when it changes from a fluid to a 
solid material. Hydration of the portland cement particles causes increased surface area in 
a matrix of water. When the expanded surfaces join at the micro and macro level setting 
occurs. It is widely known that hydration is a thermally activated process which, in the 
absence of admixtures, initiates as low as 14°F. Reaction rate at this low temperature is 
extremely slow and dictates the need for cold weather concreting methods during placing 
and curing. Setting time has been arbitrarily categorized by initial and final set which 
ASTM defines as 500 psi and 4000 psi, respectively. The ASTM C 403 test for time of 
setting of concrete mixtures by penetration resistance was used to determine the time of 
setting of concrete by penetration resistance.12 Field testing allows ambient temperature 
to be set as the testing temperature, however in cold concreting this can cause some 
issues. The formation of ice inside the test specimens proved to complicate the 
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procedure. Because both the control mix and both PSU mixes developed visible ice 
crystals on the surface before initial set was reached, penetration resistance data for these 
mixes was impossible to determine. The bleed water that accumulates on the surface of 
the mortar fraction is most likely responsible for this. Out of the two mixes tested, 
CRREL and Master Builder, the CRREL mix was expected to reach both initial and final 
set considerably faster than the Master builder mix. This was hypothesized due to the 
fact that the CRREL mix contains a substantially higher amount of accelerating 
admixtures in addition to an anti-freeze admixture to reduce the temperature at which the 
mix water freezes. The effect of the Ipanex admixture wasn't expected to have a 
significant effect on the time of set because it did not have an effect on the strength of the 
concrete. The penetration time of set data for the CRREL and MB mixes are presented in 
the Figure 19. 
Actual times of set were interpolated for the 500 and 4000 psi readings. The 
CRREL mixes reached initial and final set before the MB mixes, as was expected. In 
both the CRREL and MB mixes, the mix containing Ipanex set up before the mix without 
Ipanex. The CRREL with Ipanex mix reached initial and final set at 30 minutes and 16.5 
hours, respectively while the CRREL without Ipanex mix reached initial and final set at 1 
hour and 18.5 hours, respectively. The MB with Ipanex mix reached initial and final set 
at 12 hours and 25.5 hours, respectively while the MB without Ipanex mix reached initial 
and final set at 13 and 28 hours, respectively. The CRREL mixes showed an initial rapid 
acceleration in penetration resistance followed by a gradual steady increase. The MB 
mixes showed a slow initial rise in penetration resistance which was followed by an 
































































































































































































































Table 7 Times of setting 
















The faster setting times observed in mixes containing Ipanex was unexpected 
because strength testing results were unaffected by Ipanex. Furthermore, the Ipanex 
admixture was not known to exhibit set accelerating characteristics on the other hand 
there is a possibility that the silica in the Ipanex may be performing as nucleation sites 
during hydration. As the first strength test was performed at 24 hours after being cast, it 
is possible that this initial acceleration observed in mixes containing Ipanex could be 
overwhelmed with competing reactions in the portland cement admixture system 
therefore making it difficult to track the difference in terms of compressive strength 
testing. The penetration time of set suggests that Ipanex has a beneficial effect on the 
setting time of concrete cast in freezing temperatures. 
Pulse Velocity 
Using an ultrasonic pulse velocity meter called PUNDIT, the behavior of fresh 
concrete was monitored. When concrete is in its fluid state, the speed of a sound wave 
passing through the sample is erratic and generally well below the speed of sound in 
water. This is due to the suspended particles in the mixture and the scattering effect of the 
aggregate surfaces. As the structure of the paste begins to form, the ultrasound pulses are 
provided with a much more homogenous material that affords an increasingly direct path 
between the transceivers. A more direct path between transceivers results in a shorter 
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pulse transit time and therefore a higher pulse velocity. Pulse velocity measurements 
were made in accordance with ASTM C 597 test for pulse velocity through concrete.13 A 
cylinder from each mix was cast and inserted into an insulated chamber allowing cold air 
to penetrate the concrete from the top surface only as shown on Figure 20. One goal of 
the pulse velocity testing was to determine pulse velocity values corresponding to initial 
and final setting time for any concrete mix cast in cold weather. 
Figure 20 Time of set insulated cylinder 
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As the CRREL mix contained the largest amount of accelerating admixtures as 
well as an anti-freeze admixture, it was expected to increase in pulse velocity more 
rapidly than other mixes. The MB and PSU mixes were expected to have similar pulse 
velocity values as their admixture compositions were similar. The control mix containing 
no cold weather admixtures was expected to develop pulse velocity the slowest out of all 
of the mixes tested. Because higher pulse velocities through a sample relate to a more 
homogeneous material, the pulse velocity values were expected to have a positive 
correlation with strength values. Because of this, the Ipanex admixture wasn't expected 
to have a significant effect on the development of pulse velocity. Measurements from 
each mix are presented in Figure 21. 
The CRREL mixes show a rapid increase in pulse velocity signifying a more solid 
paste matrix and therefore a quick initial set compared to other mixes tested. The MB 
mixes showed the second most rapid increase in pulse velocity, which is signified by a 
steeper slope on the curve. PSU mixes developed pulse velocity third fastest, followed 
by the control mixes which increased in pulse velocity the slowest. As shown by the 
graph, the PSU without Ipanex mix developed pulse velocity significantly slower 
compared to the PSU with Ipanex mix. For both CRREL and MB mixes, the mixes 
containing Ipanex developed pulse velocity slightly faster than the corresponding mixes 
without Ipanex. Initially the control mix with Ipanex was developing pulse velocity at a 
greater rate than the mix without Ipanex and at approximately 15 hours of testing, the 
result is the opposite. The apparent roughness of the curve in the control mixes could be 
due to the formation of ice in the mix. Little literature exists on the effect of subfreezing 












































































































containing Ipanex develop a homogeneous and solid concrete faster than mixes that do 
not contain Ipanex. 
Pulse velocity values at the time of set were relatively consistent within the same 
mix (i.e. CRREL with Ipanex and CRREL without Ipanex) when compared to the time of 
set calculated in the penetration time of set testing. However, pulse velocities between 
the CRREL and MB mixes were not comparable. Because of this, there appears to be no 
set pulse velocity corresponding to either initial or final set that is applicable to all 
concrete mixes. The pulse velocities corresponding to initial and final setting times can 
be seen in Table 8. 
Table 8 Pulse velocity data 















Temperature of Set 
For each mix cast, internal concrete temperature was monitored. Cylinders 
containing thermocouples at the top, middle, and bottom had their internal temperatures 
monitored for 72 hours while the concrete remained in the freezer. As was done with all 
samples cast for strength testing, the cylinders containing thermocouples were placed 
inside insulation chambers which only allowed heat transfer on the top surface. The 
concrete was expected to reach freezing temperatures starting at the top surface first, 
followed by the middle and then finally the bottom of the sample. The CRREL mix was 
expected to generate the most heat before reaching the freezer ambient temperature due 
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to the high volume of accelerating admixture in the formulation. MB and PSU mixes 
were expected to develop a comparable amount of heat due to their admixture 
composition while the control mix was expected to develop the least amount of heat. 
Ipanex was not expected to have a significant effect on the temperature generation of the 
concrete because it is not known to be an accelerating admixture, which generally 
increase heat generation. The temperature profiles for the various mixes are presented in 
Figures 22 through 28. Temperature values recorded at the time elapsed for initial or 
final set to occur gave the temperature at time of setting. Comparing temperature profile 
results to penetration time of set test allowed the temperature of set to be calculated for 
applicable mixes. It should be noted that temperature profile samples and penetration 
time of set samples were not made at the same time. Figures 29 and 30 show the 
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Figure 23 CRREL temperature profile 
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Figure 24 Master Builder with Ipanex temperature profile 
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Figure 25 Master Builder temperature profile 
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Figure 26 Pennsylvania State University #8 with Ipanex temperature profile 
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Figure 29 Temperature of initial set for Master Builder and CRREL mixes 
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Figure 30 Temperature of final set for Master Builder and CRREL mixes 
Because penetration time of set testing could not be performed on PSU and 
control mixes, an exact temperature of set remains unknown for those mixes. In the 
CRREL and MB mixes, temperatures at time of setting were consistently and 
significantly higher for mixes made with the Ipanex admixture. This is seen for both 
initial and final time of set, and is most noticeable in the CRREL mix. The fact that the 
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CRREL mix reached initial set before dropping below freezing temperatures suggests it is 
the most promising cold weather mix. Based on these test results, Ipanex appears to 
increase the amount of heat generated in freshly cast concrete and would benefit cold 
weather mixes. 
Corrosion Resistance 
For corrosion of steel to occur, chloride ions must reach the surface of the steel in 
the presence of water and oxygen. In this process a cathode and an anode create a 
difference in electrochemical potential that eventually results in the formation of rust. In 
this work the source of chloride is de-icing salts (sodium chloride specifically) which are 
commonly applied to horizontal concrete surfaces in cold weather climates to melt snow 
and ice. While corrosion due to chloride attack doesn't necessarily deteriorate the 
concrete itself, its effect on steel reinforcement inside concrete structures is detrimental to 
concrete. The transport of chloride ions through concrete surrounding steel 
reinforcement is greatly influenced by the properties of the concrete.14 The continuity of 
the concrete's pore system governs the ingress of chlorides, which mainly travel through 
pores located in the hardened cement paste. When rust forms as a product of steel 
corrosion, the volume of the original steel is greatly increased. This increase in volume 
can eventually lead to cracks, spalling, and delamination. As this occurs it allows for a 
more rapid ingress of chloride ions which greatly increases the rate of corrosion. 
Corrosion also deteriorates reinforcing steel by lowering the cross-sectional area of the 
steel, resulting in reduced load-bearing capacity. 
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In this work it is critical to note that while the CRREL mixes were cast inside the 
freezer in cold weather conditions and outside in cold weather conditions, the control 
mixes were not. In addition, the control slabs were cast at above freezing temperatures 
allowing them to be properly cured as is done in conventional concrete practices, an 
advantage the CRREL mixes were not afforded. The medium control slabs were cast 
inside a laboratory at approximately 20°C (68°F) and the large control slabs were cast 
outdoors at approximately 18°C (64°F) while the medium CRREL slabs were cast inside 
a freezer ranging from -5°C (23°F) to -10°C (14T) and the large CRREL slabs were cast 
outside at -10°C (14°F). Because of this, the control and CRREL mixes should be looked 
at independently, with a focus of determining the effect of the Ipanex admixture on 
corrosion resistance. That being said, the control mixes were expected to outperform the 
CRREL mixes in regard to corrosion resistance. Due to the temperature at which the 
mixes were cast, the CRREL mixes were exposed to the possibility of ice crystal 
formation inside the concrete while the control mixes were not. The formation of ice 
crystals inside the concrete would make the concrete more susceptible to chloride 
penetration due to an increase in porosity and permeability. The presence of the Ipanex 
admixture was expected to improve the concrete's resistance to the corrosion of steel 
rebar by lowering the concrete's permeability, improving its resistance to the ingress of 
chlorides and making the concrete more "water proof." 
GalvaPulse 
The galvanostatic pulse measurement technique is a non-destructive, rapid 
polarization technique used to determine the corrosion rate of steel reinforcement at the 
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time of testing. When the galvanostatic pulse measurement is performed, the half cell 
potential, corrosion rate, and resistance are determined in one operation. During testing a 
short duration anodic current is induced into the reinforcement galvanostatically from a 
counter electrode along with a reference electrode placed on the concrete surface 
covering the steel reinforcement being tested. The reference electrode used is an 
Ag/AgCl electrode. The anodic current results in a change of the reinforcement potential 
which is recorded as a function of time. The reinforcement is polarized and compared to 
its free corrosion potential.15 
Corrosion rates are predicted based on the observed values. Table 9 shows the 
relationship between the levels of corrosion rate and the predicted state of corrosion that 
exists in the concrete. 
Table 9 GalvaPulse corrosion rate values with predicted corresponding corrosion activity 
Corrosion Rate 
< 0.5 uA/cm2 
0.5 - 2.0 uA/cm2 
2.0 - 5.0 uA/cm2 
5 . 1 - 15.0 uA/cm2 
> 15.0 uA/cm2 
Significance 
Passive Areas 
Negligible Corrosion Activity 
Low Corrosion Activity 
Moderate Corrosion Activity 
High Corrosion Activity 
Laboratory Slabs 
The ingress of chloride ions through the concrete pore system leads to corrosion 
in steel rebar. The concentration of chloride ions in the pore water solution has an effect 
on corrosion as well. Increasing concentrations result in decreasing oxygen solubility in 
the water and as the oxygen concentration decreases less chloride ions reach the steel 
resulting in less corrosion activity. Literature suggests that a sodium chloride solution of 
2.0% by mass in water results in the most severe corrosion in mild steel.16 ASTM C 
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1202 tests concrete's ability to resist chloride ion penetration and uses a sodium chloride 
solution of 3.0% by mass in water.17 For each laboratory slab cast, two impermeable 
dams were fabricated to help pond 2.0% and 3.0% sodium chloride solutions as shown on 
Figures 31 and 32. 
To address the influence of the continuity of the hardened cement paste's pore 
system, a constant water/cement ratio of 0.40 was used on all slabs. In addition, the 
depth of concrete cover to the top of reinforcing steel was kept constant at 0.75 inches, as 
shown on Figure 33. 
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Figure 32 Medium slab plan view 
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Figure 33 Medium slab elevation view 
Four medium sized slabs were cast: CRREL (Ipanex), CRREL (no Ipanex), 
control (Ipanex), and control (no Ipanex). Both of the CRREL medium slabs were made 
with a defoamer. Both control mixes were cast at room temperature using cement and 
aggregate that had been stored at room temperature. Immediately after the slabs were cast 
they were wet-cured using plastic covering for 14 days. At this time the medium control 
slabs began applications of sodium chloride solution while cycling the slabs in and out of 
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the freezer. After each application the solution was removed and corrosion rates of each 
rebar were tested using the GalvaPulse equipment. 
Corrosion Rates 
Both CRREL mixes were cast inside the walk-in freezer within one hour of each 
other. Cement and aggregate used in the slabs were stored in the freezer for no less than 
7 days, allowing the materials to reach ambient freezer temperature. Temperatures inside 
the walk-in freezer ranged from -5°C (23°F) to -10°C (14°F), governed by the freezer's 
compressor turning on and off. Once cast, the CRREL slabs remained in the freezer for 
72 hours which previous tests showed is the amount of time for internal concrete 
temperature to converge with the freezer's ambient air temperature. After 72 hours in the 
freezer the slabs were moved into a temperature controlled laboratory and wet cured 
using plastic covering. The slabs were wet cured for 11 days at which time compressive 
tests show the concrete had reached over 90% of their compressive strength. After a total 
of 14 days from the time of being cast, the application of sodium chloride solution and 
alternating cycles of freezing and thawing began. After each application the solution was 
removed and corrosion rates of each rebar were tested using the GalvaPulse equipment. 
After the control slabs and CRREL slabs were tested for 63 days and 47 days, 
respectively, and no noticeable increase in corrosion rate was observed, it was decided 
that an electrical current would be applied to the system so as to accelerate the corrosion 
process. There exists an electrochemical chloride extraction process in which an 
electrical current is used to repel chlorides from steel reinforcement.18 By altering this 
electrochemical chloride extraction process, an electrical current can be applied to steel 
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reinforcement to accelerate corrosion. By doing this, any chlorides that had already 
reached the area surrounding the rebar would be attracted to the rebar causing accelerated 
corrosion. A 20 volt power supply was used, with the positive charge applied to the rebar 
and the negative charge applied to a copper plate submerged in NaCl solution directly 
above the rebar. Each rebar experienced the charge for 10 minutes and was tested for 
corrosion activity 24 hours afterwards; this process was done four times. When corrosion 
rates stopped reacting to the 10 minute cycles, the slabs were then switched to a 12 volt 
power supply with 30 minute applications. The corrosion rate values are shown in 
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Figure 34 Medium slab corrosion for the CRREL mix 
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Figure 35 Medium slab corrosion for the control mix 
Figure 34 clearly shows that corrosion activity in both medium CRREL slabs with 
and without Ipanex remained relatively inactive until approximately 50 days. At 50 days, 
electrical current was applied to the steel reinforcing bars to accelerate corrosion. This is 
when significant corrosion activity began to occur. After four applications of 20V for 10 
minutes on each rebar in each slab, corrosion rates in the CRREL slab with Ipanex 
increased but remained at a low level of corrosion activity. The steel rebar in the CRREL 
slab without Ipanex did reach the moderate corrosion activity level at one point under the 
2% NaCl solution. At this point, two applications of 12V for 30 minutes were introduced 
to the rebar. After the first application, corrosion rates in the CRREL slab with Ipanex 
reached moderate corrosion activity and after the second application, only the rebar under 
the 3% NaCl solution remained at the moderate corrosion level while the other rebar fell 
back to the low corrosion activity level. The CRREL slab without Ipanex responded 










application, the corrosion rates in the CRREL slab without Ipanex increased by 
approximately 5 times, jumping from an average of 4.8 uA/cm2 to 25.4 uA/cm2, putting 
both sets of rebar into the high corrosion activity level. After the second application of 
this electrical current, the rebar increased in corrosion activity again, reaching an average 
level of 31.4 uA/cm2 and remaining in the high corrosion activity level. 
Based on these results, it appears that the inclusion of the Ipanex admixture is 
greatly beneficial in reducing corrosion activity in reinforced concrete. Because of the 
slow process of corrosion, electrical current was needed to show the effect of the Ipanex. 
The substantial increase in corrosion in the slab without Ipanex signifies that a significant 
amount of chloride had in fact reached the steel reinforcement bars in the first 50 days of 
NaCl applications and it would have only been a matter of time before the corrosion 
process proceeded naturally. The comparatively low corrosion rates in the slab with the 
Ipanex admixture suggest that the permeability in that slab was considerably lower than 
in the slab made without Ipanex. Because of this, the low level of chloride surrounding 
the rebar in the slab with Ipanex resulted in lower corrosion rates. 
Corrosion in all of the reinforcing bars inside the medium control slabs remained 
at the negligible level. The same electrical current was applied to the control slabs as was 
to the CRREL slabs, starting at 66 days for the control slabs. After an electrical current 
was applied, all of the rebar continued to remain in the negligible corrosion activity level. 
The only difference in the mixing process of these slabs was that the control mixes were 
made at room temperature (approximately 20°C [68°F]) with room temperature materials 
whereas the CRREL mixes were cast inside the walk in freezer (ranging from -5°C to -
10°C [23 °F to 14°F]) with materials stored in the freezer and left there to cure for 72 
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hours before being moved to room temperature. The results suggest that the formation of 
ice crystals inside the CRREL mixes somehow altered the pore system allowing a more 
rapid ingress of chloride ions into the paste matrix and ultimately to the steel reinforcing 
bars. 
Half Cell Potential 
ASTM C 876 test for half-cell potentials of uncoated reinforcing steel in concrete 
suggests a relationship between half cell potential readings and corrosion activity as 
presented in Table 10.' 
Table 10 Half cell potential readings with predicted corresponding corrosion activity 
Potential: Cu/CuS04 (Ag/AgCl) 
> -200 mV (> -90 mV) 
-200 to -350 mV (-90 to -240 mV) 
< -350 mV (< -240 mV) 
Significance 
90% Probability of No Corrosion Activity 
Corrosion Activity Uncertain 
90 % Probability of Corrosion Activity 
Figure 36 and 37 show the half cell potential based on Ag/AgCl and Cu/CuS04 
respectively for the CRREL mixes. 








Figure 36 CRREL medium slab Ag/AgCl half cell potential as a function of time 
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Figure 37 CRREL medium slab Cu/CuS04 half cell potential as a function of time 
The results from the half cell potential measurements show that before electrical 
current was applied to the steel reinforcing bars after 50 days all rebar except for those in 
the CRREL mix with Ipanex subjected to 2% NaCl solution were fluctuating in and out 
of the probable level of corrosion activity. The rebar in the CRREL mix with Ipanex 
subject to 2% NaCl did not enter the probable level of corrosion activity until electrical 
current was applied. After electrical current was supplied all rebar dropped below -350 
mV at least once and the rebar in the CRREL mix without Ipanex remained under -350 
mV signifying probable corrosion activity. This behavior may be in part due to the fact 
that initial potential readings taken before any sodium chloride was applied to the slabs 
were the lowest in the rebar located inside the CRREL slab without Ipanex. After testing 
was completed, the average potential reading in the CRREL slab with Ipanex was -362 
mV compared to an average potential of -502 mV in the CRREL slab without Ipanex. As 
lower potential readings suggest a higher probability of corrosion activity, it appears that 
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while corrosion activity was probable in both CRREL slabs, corrosion was more severe 
in the CRREL slab mixed without the Ipanex admixture. This is consistent with the 
results from the corrosion rate readings of the CRREL medium slabs; rebar inside 
concrete mixed with Ipanex appears to be less likely to experience corrosion compared to 
concrete mixed without Ipanex. 
Figure 38 and 39 show the half cell potential based on Ag/AgCl and Cu/CuS04 
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Figure 39 Control medium slab half cell potential versus Cu/CuS04 
The half cell potential measurements in the control slabs were initially all at a 
level of uncertain corrosion activity before any sodium chloride was applied to the slabs. 
After this time, all of the reinforcing bars fluctuated between potential readings 
signifying uncertain levels of corrosion and probable lack of corrosion activity until 
electrical current was applied. Once electrical current applications began, all rebar in 
control slabs entered the probable level of no corrosion activity except for the rebar in the 
control mix with Ipanex subjected to 2% NaCl. In this set of rebar, electrical current 
caused potential readings to fall into the uncertain level of corrosion activity. The 
potential readings were expected to decrease in all rebar in the control slabs with an 
applied electrical current. The fact that 3 out of 4 sets of rebar increased in potential 
readings is puzzling and suggests that chloride was unable to penetrate to the reinforcing 
bar. Unlike the large control slabs which were mixed at a water/cement ratio of 0.45, the 
medium control slabs were mixed at a water/cement ratio of 0.40 which could explain 
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why chloride was not able to reach the steel rebar. By lowering the water/cement ratio a 
more water-tight, less permeable concrete is created. 
Chloride Penetration 
Chloride ingress into concrete is what inevitably leads to corrosion in steel rebar. 
A high corrosion rate in the rebar suggests a high concentration of chloride in the cement 
paste matrix surrounding the rebar. Chloride ingress is largely a function of the cement 
paste's permeability and porosity. By analyzing the cement paste it is possible to 
calculate the percent chloride by mass of concrete. Using a modified version of the 
ASTM C 1218 Standard test method for water-soluble chloride in mortar and concrete, 
9ft 
the chloride content was measured in the medium slabs. Using a hammer drill with a 
depth measuring attachment, concrete powder was drilled from the medium slabs where 
the 3% NaCl solution was applied. Concrete powder was collected from two areas from 
each slab: from the top surface to 0.5 inches and 0.5 inches to 1 inch. Four holes were 
drilled from each area being analyzed, and the powder from each hole was mixed 
together to get a representative sample. The crushed powder was then mixed with de-
ionized water allowing all chloride within the powder to dissolve. The mixture was then 
filtered through filter paper using a vacuum setup to remove all solid particles from the 
dissolved chloride. Using the dissolved chloride, a titration was performed with 
potassium chromate as the indicator solution and silver nitrate as the titrate. In this 
titration, silver chloride forms as a white precipitant and silver chromate forms as a red 
precipitant. As long as chloride is present, white colored silver nitrate will continue to 
precipitate. When the red colored silver chromate begins to precipitate, this is the end 
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point where no chloride remains dissolved. By measuring the amount of silver nitrate 
solution required to reach the end point, the amount of dissolved chloride ions can be 
calculated using Mohr's method.21 
The chloride content was expected to be highest in the samples taken from the 
concrete surface to a depth of 0.5 inches, as chlorides would reach this area before 
reaching the section of 0.5 inches to 1 inch depth. The chloride content was also 
predicted to be higher in concrete mixes made without Ipanex due to its permeability 
decreasing characteristic. Both CRREL mixes evaluated in this test contained a defoamer. 
As was expected, the chloride content was consistently higher from the top surface of 
concrete to 0.5" when compared to 0.5" to 1.0". In addition, concrete mixes with Ipanex 
showed comparatively lower chloride concentrations in all 8 tests that were performed. 
This indicates that the Ipanex reduces the permeability of concrete, allowing less chloride 
ions to penetrate into the system. Based on the steel rebar corrosion results for the 
CRREL and Control mixes, chloride content was expected to be lower in Control mixes 
compared to CRREL mixes, however this was not the case. It is not known for sure but it 
seems reasonable that the chloride contents are most likely more accurate than the 
corrosion results which predicted the opposite. The chloride content of the CRREL and 
control concrete mixes is shown in Figure 40. Each test was performed on a blend of 
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Figure 40 Chloride penetration of concrete in the CRREL and control mixes 
Alkali-Silica Reaction 
Alkali-silica reaction (ASR) occurs when alkalis in portland cement react with 
silica contained in aggregates. In the presence of water these two components form an 
alkali-silica gel inside concrete. Because Ipanex waterproofing admixture contains alkali, 
it was expected to have increased expansion due to ASR. The gel tends to form along 
planes of weakness inside the aggregate and paste portion of the concrete, inside 
aggregate pores and cracks, or along the surface of aggregate particles. When gel is 
formed on the surface of the aggregate, the bond between the aggregate and cement paste 
is often destroyed. The formation of alkali-silica gel ultimately results in an increase in 
volume when it absorbs external water causing it to swell. This increase in volume 
results in internal pressures which cause expansion and cracking of the hydrated cement 
paste.2 ASR is a slow process which is accelerated at high temperatures, which is why 
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ASTM tests for ASR are performed at higher temperatures than concrete is normally 
subjected to in the field. In this work, ASTM C 1260 and ASTM C 227 tests were 
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performed to examine the effects of Ipanex on ASR. In testing, mortar bars were 
created using an aggregate with known potential for ASR. Figure 41 shows the ASTM C 
1260 test data. ASTM states that expansions of less than 0.10% at 14 days of testing 
suggest that ASR in the sample is negligible in most cases while expansions of over 
0.20% at 14 days indicate potentially deleterious expansion due to ASR. Since 
expansions at 14 days in the samples ranged from 0.098% (control with Ipanex) to 
0.126% (control without Ipanex), testing was continued to 28 days. No significant 
change in behavior was observed froml4 to 28 days. The values observed in this test 
show that samples with Ipanex resulted in slightly lower expansion compared to mixes 
made without Ipanex. While the difference does not suggest that Ipanex should be used, 
necessarily, to mitigate ASR, Ipanex does not accelerate ASR according to this test. 
ASTM C 1260 Test 
•Control 






Figure 41 ASTM C 1260 test expansions 
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Figure 42 shows the ASTM C 227 testing data. ASTM suggests that the alkali 
content of the cement used in testing should be substantially above 0.6% and that 
expansions of over 0.05% at 3 months as well as expansions of over 0.10% at 6 months 
suggest excessive expansion resulting in a reactive cement-aggregate combination. 
These tests were not carried out past 1 month because it was assumed the curves had 
gone asymptotic, however it seems likely the expansion at 3 and 6 months would be less 
than what ASTM would identify as significant. Based on previous testing by Cement 
Chemistry Systems, LP of the effect of Ipanex on ASR, the ASTM C 227 test is not 
applicable in that it is not meant to be used to evaluate the effect of admixtures on ASR. 
The test is to be used to evaluate aggregates and cement-aggregate combinations. 
Because of this, along with the negligible increase in length change of samples containing 
Ipanex, the results suggest that Ipanex does not increase ASR in the cement-aggregate 
combinations used in this test. 
ASTMC 227 Test 






























Figure 42 ASTM C 227 test for ASR 
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SEM Imagery 
Images of freeze-thaw samples were taken using a scanning electron microscope 
to observe the cement paste matrix at different stages of curing. Images were taken at 3, 
14, and 28 days for mixes with and without Ipanex to examine its effect on porosity with 
increasing curing time. Both CRREL mixes examined in this analysis contained a 
defoamer. The expected result of these images was to see a decrease in porosity as a 
function of curing time. In addition, images of mixes containing Ipanex were expected to 
display lower porosity values compared to corresponding mixes without Ipanex. The 
control shows a reasonable well defined texture of hydration products with considerable 
porosity. Figures 43 through 45 show SEM images of control samples without Ipanex at 
3, 14, and 28 days. 
Figure 43 SEM image of control without Ipanex at 3 days 
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Figure 44 SEM image of control without Ipanex at 14 days 
Figure 45 SEM image of control without Ipanex at 28 days 
Figures 46 through 48 show SEM images of control samples with Ipanex at 3,14, 
and 28 days. Figure 46 shows the effect of Ipanex at the early stage. The micro structure 
appears to be more disordered with considerable porosity with large deposits of calcium 
hydroxide and ettringite fiber. 
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Figure 46 SEM image of control with Ipanex at 3 days 
Figure 47 SEM image of control with Ipanex at 14 days 
Figure 48 SEM image of control with Ipanex at 28 days 
Figures 49 through 51 show SEM images of CRREL samples without Ipanex at 3, 
14, and 28 days. 
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Figure 49 SEM image of CRREL without Ipanex at 3 days 
Figure 51 SEM image of CRREL without Ipanex at 28 days 
Figures 52 through 54 show SEM images of CRREL samples with Ipanex at 3, 
14, and 28 days. 
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Figure 52 SEM image of CRREL with Ipanex at 3 days 
Figure 53 SEM image of CRREL with Ipanex at 14 days 
Figure 54 SEM image of CRREL with Ipanex at 28 days 
The SEM images of both CRREL mixes show a clear decrease in porosity over 
time, which is typically seen in conventional concrete. In these images it can also be 
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observed that over time, the CRREL mix containing Ipanex appears significantly denser 
than the CRREL mix without Ipanex, as shown when comparing Figures 53 and 54 for 
the CRREL mix with Ipanex at 14 and 28 days, and Figures 50 and 51 for the CRREL 
mix without Ipanex at 14 and 28 days, respectively. At 28 days particularly, the cement 
hydration products in the concrete containing Ipanex have created what appears to be a 
water-tight concrete, with significantly reduced porosity. 
Image Analysis Porosity 
Quantitative Analysis 
Digital Image analysis techniques have long been used to perform quantitative 
analyses on SEM images of concrete samples. Due to variable conditions such as 
magnification, lighting etc., the image-based technique is known to be sensitive only to 
the larger scale of porosity than what is known to occur in cement and concrete 
samples.24 Because of this, the porosity values reported here should be taken as an 
estimation of the true porosity. 
The analyses of the images were done using ImageJ, a popular image processing 
tool for scientific work. It is a public domain, Java-based image processing program 
developed at the National Institutes of Health.25 The following steps describe the 
procedure used to determine porosity. 
The initial step involves applying a thresholding filter to each image. 
Thresholding involves extracting objects (pores) from their background (cement paste). 
In this case, a global thresholding filter was applied manually. The next step of the 
process involved converting the grayscale image to a binary image. The cumulative area 
70 
occupied by the objects (pores) as a ratio of the overall size of the image was determined 
by applying the "Analyze Particles" method in ImageJ. Though this feature is most 
commonly used in granulometry, its working principle is the same as that which is 
required to determine porosity. In applying this method pores with a minimum area of 
100 pixels2 were used in the calculation thus neglecting very small pores. This method 
can also be used estimate the extent and distribution of visible pore space. The ratio of 
pore space over the entire image area obtained in this work is summarized in Table 11. 
Figures 55-58 provide examples from each step of the analysis. 
Figure 55 Step 1, removing the scale bar and other information present in the image 
Figure 56 Step 2, applying a global threshold to the image 
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Figure 57 Step 3, converting the threshold image to binary format 
Figure 58 Step 4, pores are identified and designated as ellipses 
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Table 11 Details of analysis performed on concrete SEM samples 
Sample 
Details 
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Figure 59 shows the porosity values as determined by the SEM image analysis. 
From the SEM images evaluated in this work, CRREL samples made with Ipanex 
exhibited lower porosity values compared to samples made without it. Surprisingly, 
control mixes made with Ipanex showed higher porosity values than control mixes made 
without Ipanex when evaluated quantitatively. However, a quantitative analysis 
presented in the following pages gives some insight into this result. Figure 54 shows the 
SEM image of the 28 day sample with Ipanex. While the image wasn't of sufficient 
magnification to calculate a porosity value, based on visual examination it can be 
concluded that the porosity of this sample is well below 1% and possibly close to 0%. 
The image of the CRREL sample without Ipanex taken at 28 days shows a higher 
porosity than was observed in the same mix at 14 days. This result does not exhibit 
typical concrete characteristics as concrete's porosity is known to decrease over time as 





CRREL (I) CRREL (N) Control (I) Control (N) 
Figure 59 Porosity values from SEM images 
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Qualitative Analysis 
Because some of the quantitative results may have been inaccurate due to a small 
number of analyzed images, a qualitative analysis of the SEM images gives some insight 
into what may be happening at the micro-level of the cement paste matrix. In Figure 60, 
the control mix with Ipanex at 14 days exhibits an extremely porous cement paste. The 
pores are 1-5 microns in diameter and are widespread throughout the sample, but there 
does appear to be a non-porous matrix beginning to form. Because the quantitative 
analysis results concluded that the control sample with Ipanex had higher porosity at 14 
days than at 3 days, the images analyzed likely didn't account for the non-porous portions 
of the sample. 
Figure 60 14 day control mix with Ipanex 
In Figure 61, the control mix with Ipanex at 28 days shows a limited spread of the 
porous features in the cement paste. The pores remain 1-5 microns in diameter but there 
is a fragmentation of the porous nature of the cement paste. The sample examined seems 
to suggest that there is a non-porous matrix continuing to within the mortar. The porosity 
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calculations for this sample may not provide a complete picture as the selected sample 
region may have more of the fragmented porous vesicles. 
Figure 61 28 day control mix with Ipanex 
It is important to note that the porosity values within a sample vary depending on 
where the sample is analyzed. This variability in porosity is noticed particularly at the 
magnifications examined with SEM image analyses; if a particularly porous area of the 
sample is analyzed that is not representative of the sample as a whole, results can be 
misleading. These results gives insight into the reliability of this testing method and 




FIELD TESTING RESULTS 
Introduction 
To observe a full scale placement of cold weather concrete, four concrete slabs 
were cast outside the UNH Facilities building in Durham, New Hampshire. Each field 
slab consisted of a different admixture formulation. Two control slabs were cast at non-
freezing temperatures; one slab contained Ipanex and one slab did not. Two CRREL 
slabs were cast during freezing temperatures; one slab contained Ipanex and one slab did 
not. As seen in Figure 62, each slab contained six steel reinforcing bars running 
perpendicular to the length of the slab, each bar with a different depth of concrete cover 
ranging from 0.25" to 2.50". The steel reinforcing bars were included as a means to 
monitor corrosion rates after the slabs were placed. To encourage corrosion of the steel 
reinforcement, rock salt was evenly applied to the field slabs after every snowfall. One 
of the goals of the field testing was to evaluate the ability of Ipanex to prevent corrosion 
in the steel reinforcing bars. Because antifreeze concretes tend to rapidly lose slump and 
air content 30 to 40 minutes after batching,26 it was decided that the admixtures would be 
added on-site as opposed to at the batch plant for the two CRREL field slabs. 
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Figure 62 Typical field slab elevation view 
Two large scale control mix slabs were cast outside the UNH Facilities buildings 
on Wednesday, October 21, 2009. The concrete plant recommended a minimum of 4 
cubic yards per mix to insure proper mixing of the concrete. After discussion with the 
UNH Facilities employees, it was agreed that each slab would be cast at dimensions of 
30'x5.5'x7.5" to satisfy the minimum volumes recommended by the concrete plant. A 
plan view of the field slabs is shown in Figure 63. 
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Figure 63 Plan view of field slabs 
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The first slab was cast as a control mix, with a specified w/c ratio of 0.45 and 6% 
air entraining. The second slab cast was an identical control mix with the addition of 
Ipanex. Both mixes yielded a slump of 3". The air temperature at the time the concrete 
was poured was approximately 18°C (64°F) and the concrete mix temperature was 
approximately 17°C (63°F) according to thermocouple readings. Figure 64 shows the 
empty form work prior to slab placement, and the covered slabs after placement. 
Figure 64 Control mix field slab form showing varying depth of cover (left) and finished 
slabs curing (right) 
On Friday, December 18, 2009, two more concrete slabs were placed outside the 
UNH Facilities buildings. The air temperature was approximately -10°C (14°F). A crew 
of concrete finishers was hired to assist in this concrete placement. The first (third 
including the two control slabs) slab to be placed was the CRREL mix without Ipanex. 
4.25 cubic yards of concrete were ordered and all admixtures were added onsite. All 
aggregate, cement, water and a standard dose of air entraining agent for a target of 6% air 
voids was added at the batch plant. After the admixtures were added onsite and the 
concrete was remixed and an air-entraining test was performed by the truck operators, 
yielding 2.4% air. Additional air-entraining was added to the truck and a second air-
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entraining test yielded 5.5% air which was acceptable. By the time both air tests had 
been performed, the slump was reported as approximately 1" according to the truck 
operator and the internal concrete temperature was 42.5°F (5.8°C). At this time, 8 
additional gallons of water were added to the truck (approximately 2 gallons per cubic 
yard of concrete) increasing the water/cement ratio from the specified 0.40 to 0.426. This 
water/cement ratio was used for approximately one third of the total 30' slab length, 
allowing for all rebar to be covered. At this point the concrete became unworkable and 
more water needed to be added. This didn't affect the concrete covering the steel rebar, 
so water was added liberally to avoid concrete setting up in the truck. Ten additional 
gallons of water were added to the remaining (approximated) 2.8 cubic yards of concrete 
in the truck, changing the water/cement ratio from 0.426 to approximately 0.474. This 
allowed for the concrete to be workable enough to place approximately Vi of the slab. 
Again the concrete became unworkable and began setting up in the truck and 25 more 
gallons of water were added to the remaining (approximated) 2.125 cubic yards of 
concrete in the truck. This resulted in a water/cement ratio of approximately 0.634 and 
allowed for the remaining Vi of the slab to be placed. 
The second placement on Friday, December 18, 2009, the fourth large slab, was 
the CRREL mix with Ipanex. The volume of concrete ordered was 4.25 cubic yards for 
this slab. As admixtures were being added onsite, Pozzutec 20+ was seen being spilled 
as it was added to the truck and the truck operators were uncertain as to whether the 
correct dose of Rheocrete CNI was added (there was a possibility that 5 gallons of 
Rheocrete CNI was not added (total required was 25.75 gallons), but the truck operator 
stated the correct amount was added). To compensate for the water included in the 
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Ipanex, 1 gallon of water was subtracted from the initial water to maintain the design 
water/cement ratio. As time played a large role dictating the workability of concrete 
from the first truck, it was decided that the same dose of air-entraining would be added to 
the truck when it arrived onsite and slab placement would begin immediately. An air-
entraining test was performed which resulted in 5% air. The internal concrete 
temperature when slab placement began was 37.4T (3°C) and the air temperature was 
14°F (-10°C). The mix resulted in a >12" slump which resembled self-consolidating 
concrete. The initial plan was to add 8 gallons of water to match the water/cement ratio 
of the first slab that was placed, but as the concrete was so fluid the initial water/cement 
ratio of 0.40 was maintained. The first half of the slab was placed and bubbles 
immediately began to rise to the surface of the concrete. Approximately one gallon of a 
proprietary de-foaming agent FC-611 (supplied by Enterprise Specialty products, Inc.) 
was added to the second half of the concrete slab (not covering the steel rebar) to observe 
its effect on the concrete. When this was added to the truck the workability of the 
concrete slightly decreased. This decrease in workability was likely due to the de-
foaming agent and/or the increased time. An air-test was done after the de-foaming agent 
was added indicating an air content of 1.8% air. 
The forms were full of ice and snow the day of placement. An effort was made to 
remove the snow prior to placement of the mixes. Figure 65 shows the first CRREL slab 
being placed. All steel rebar for the slabs was welded by a certified professional welder 
to achieve an electrical connection throughout all the field slabs thus simplifying 
corrosion testing in all the slabs. 
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Figure 65 CRREL slab being placed 
After the large slabs were allowed to cure under plastic covering for 28 days, rock 
salt (sodium chloride) deicer was evenly applied to all slabs after every cold weather 
event in which precipitation was involved. Rock salt was applied to the large slabs on six 
separate occasions. In each application, snow and ice was removed by hand shoveling 
from the slabs and 50 pounds of sodium chloride rock salt was evenly distributed among 
all four large slabs. This is equivalent to 0.08 pounds per square foot per snow event. 
Figures 66 and 67 show the temperature profiles for the field slabs for the first 
seven days after the concrete was placed. 
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Figure 66 Temperature profiles for the CRREL field slab 






Figure 67 Temperature profiles for the CRREL with Ipanex field slab 
Corrosion rate and half cell potential measurements were taken initially before 




Corrosion activities for various corrosion rates are presented in Table 12. 
Corrosion rates of field slab reinforcement are presented in Figures 68 through 71. The 
dotted lines on the graphs signify different levels of corrosion. 
Table 12 Corrosion rate and suggested corrosion activities 
Corrosion Rate 
< 0.5 \iA/cm2 
0.5 - 2.0 uA/cm2 
2.0 - 5.0 uA/cm2 
5 . 1 - 15.0 uA/cm2 
> 15.0 uA/cm2 
Significance 
Passive Areas 
Negligible Corrosion Activity 
Low Corrosion Activity 
Moderate Corrosion Activity 
High Corrosion Activity 
CRREL 
The corrosion rate data of the CRREL mixes with and without Ipanex are 
presented in Figures 68 and 69 respectively. 
Large Slab Corrosion: CRREL (with Ipanex) 
1/2/2010 2/1/2010 :V:V2010 4/2/2010 








Figure 68 CRREL (Ipanex) large slab corrosion as a function of time 
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5/2/2010 
Figure 69 CRREL large slab corrosion as a function of time 
In the large slab CRREL mix containing Ipanex only three of the six steel 
reinforcing bars reached a level of high corrosion activity whereas all six of the CRREL 
mix slabs without Ipanex reached a level of high corrosion activity. Furthermore, two of 
the steel reinforcing bars with the least depth of cover in the CRREL mix with Ipanex 
remained in a level of low corrosion activity for approximately 3 months after the slabs 
were placed whereas none of the reinforcing bars remained in a state of low corrosion 
activity in the CRREL mix without Ipanex. With the exception of corrosion testing done 
on 4/7/2010, all of the steel reinforcement in the large slab CRREL mix with Ipanex 
remained in a state of moderate to low corrosion activity. On 4/7/2010 all corrosion 
measurements were significantly higher than measurements taken before and after that 
date for the large CRREL slabs with Ipanex. While the corrosion readings were also 
higher in the large CRREL slabs without Ipanex on this day, two of the steel reinforcing 
bars had reached high corrosion activity on the previous testing date of 3/17/2010. 
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Control 
The corrosion rate data of the Control mixes with and without Ipanex is presented 
in Figure 70 and 71 respectively. The large control slabs showed results similar to those 
of the large CRREL slabs. For the control mix with Ipanex only two steel reinforcing 
bars reached a level of high corrosion activity while four steel reinforcing bars in the 
control mix without Ipanex reached a high corrosion activity level. On the final date the 
slabs were tested, only one reinforcing bar in the control slab with Ipanex was at a high 
corrosion activity level compared to four of the reinforcing bars of the control mix 
without Ipanex. As in the large CRREL slabs, the corrosion rates on 4/7/2010 were 
significantly higher in the control mix with Ipanex compared to tests done both before 
and after that day. However, corrosion rates in the control mix without Ipanex showed a 
sharp increase in two reinforcing bars on the previous testing date of 3/17/2010. 
Throughout the testing the corrosion rates in the control mix with Ipanex were lower 
when compared to the corrosion rates in the control mix without Ipanex. 
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Figure 70 Control (Ipanex) large slab corrosion as a function of time 
86 










/f ^ I I I 
~~s* mtetssssS^g^ 
•*^%* 







1/2/2010 2/1/2010 3/3/2010 4/2/2010 
Date of Testing 
5/2/2010 
Figure 71 Control large slab corrosion as a function of time 
A possible explanation to the high corrosion rates on the date of 4/7/2010 is 
temperature. Temperatures that day at the time of testing were approximately 30.5°C 
(87T). Corrosion is a thermally activated process so it seems reasonable that the rates 
would have been higher on the day the temperatures were higher. For normal activation 
energies a 10°C temperature increase at room temperature can increase a reaction rate by 
100 percent. The effect on corrosion has been noted in previous studies.2 Using this 
concept it would be expected that the rates would be Vi as much at 10°C and twice as 
much for 30°C. The variation of the corrosion data could very well be explained by the 
activation energy and differences in temperature. Table 13 presents the temperatures at 
the time of testing for the large slabs. 
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Table 13 Temperature at time of large slab corrosion measurements 
Date of Corrosion Testing 













An unexpected trend occurred in all of the large slab corrosion measurements 
where corrosion rates were at their highest levels in the steel rebar with the largest depth 
of concrete cover. This is the opposite of the expected result, as a larger depth of 
concrete cover offers more protection from the ingress of chloride to the steel rebar. The 
method of testing could possibly explain this behavior. The GalvaPulse equipment 
suggests that the concrete surface be saturated with water for roughly 15 minutes prior to 
measuring the corrosion rate. The 15 minute water application may have not been 
enough time for the water to penetrate to the deepest rebar in the slabs. This would most 
likely only be a problem on warmer days, as on the colder days of testing snow was 
initially covering the slabs when the rock salt was applied. This sodium chloride 
application, along with temperatures slightly above freezing (35 °F and 41 °F) allowed for 
water to be pooled on top of the concrete for much longer than 15 minutes. The corrosion 
testing process was approximately three hours which could be sufficient time for water to 
penetrate to the deeper rebar, resulting in more accurate test measurements. In addition, 
on these cooler days, evaporation of water from the surface of the concrete was not a 
factor. 
Another possibility for the high corrosion readings at the deepest rebar is the 
temperature of the rebar. As the concrete was in the sun for hours before testing on the 
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warmer testing days, the internal concrete temperature including that of the rebar would 
most likely be warmer than the air temperature. The 15 minute application of water as 
described above was done using cold tap water. While the rebar at shallower depths 
could have cooled upon contact with the water, the lower bars would not have seen the 
temperature change. These possibilities do not, however, explain the corrosion readings 
taken on the final day of testing, which was also a warmer day compared to other days of 
testing. The corrosion readings taken on 5/20/2010 seem to be within the range of the 
corrosion rates taken in January and February for the large CRREL mix slabs. On the 
final day of testing, the control slab with Ipanex showed that the two deepest rebar were 
continuing to experience a high level of corrosion while the four deepest rebar of the 
control slab without Ipanex were continuing to experience high levels of corrosion. 
While the cause for the highest corrosion rates in the deepest rebar remains 
unknown, these tests did show that concrete mixes containing Ipanex experience lower 
corrosion rates. As Ipanex is an admixture aimed at reducing the permeability of the 
concrete, it appears that by doing so, less chloride is able to reach the steel reinforcing 
bar, resulting in lower corrosion rates. This suggests increased service life of reinforced 
concrete structures made with Ipanex that are subjected to chlorides. With low corrosion 
rates, steel rebar isn't allowed to accumulate rust which expands and damages the 
surrounding concrete. In addition, steel rebar that doesn't corrode will maintain its 
strength resulting in a stronger reinforced concrete system. 
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Half Cell Potential 
The GalvaPulse equipment measures half cell potential using an Ag/AgCl 
electrode. The ASTM C 876 test for half cell potentials of uncoated reinforcing steel in 
concrete uses a Cu/CuS04 cell which measures 110 mV lower than the Ag/AgCl 
electrode at 20°C.19 Correction values between the two methods at other temperatures are 
unknown. ASTM states the probability of corrosion activity at different potential values 
as shown in Table 14. Field slab half cell potential measurements are shown in Figures 
72 through 75. 
Table 14 Half cell potential readings with corresponding corrosion activity 
Potential (Cu/CuS04) 
> -200 mV 
-200 to -350 mV 
< -350 mV 
Significance 
90% Probability of No Corrosion Activity 
Corrosion Activity Uncertain 
90 % Probability of Corrosion Activity 
CRREL 
Figures 72 through 75 show the half cell potentials for the CRREL mixes. 





"3 5 -250 S 
H -300 
-350 
1/2/2010 2/1/2010 3/3/2010 4/2/2010 5/2/2010 
Date of Testing 





• 1.00" Cover 
•1.50" Cover 
2.50" Cover 







1/2/2010 2/1/2010 3/3/2010 4/2/2010 
Date of Testing 
5/2/2010 


















Large Slab HCP(Cu/CuS04): CRREL (Ipanex) 
/jy" "^^_^ 
£ "^%i 
S\_>jy "*^fciL- - ~. --.••^•aiyBssg-
\g%f -^m-** ~~ l|||M 
2/1/2010 3/3/2010 4/2/2010 5/2/2010 
Date of Testing 





- I . SO" Cova-
Figure 74 CRREL (Ipanex) large slab Cu/CuS04 half cell potential as a function of time 
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Figure 75 CRREL large slab Cu/CuSC>4 half cell potential as a function of time 
The half cell potential values for the large slab CRREL mixes both with and 
without Ipanex follow the same general pattern. The steel reinforcement bars are initially 
in the zone of no corrosion activity where they then fall into the level of probable 
corrosion activity at the first potential measurement after the application of rock salt. In 
the following potential measurement, the rebar enter the category of uncertain corrosion 
activity. From then on, testing shows that all steel reinforcing bars are in the level of 
probable corrosion activity. The potential measurements of rebar in the large CRREL 
slab with Ipanex are slightly higher than those in the large CRREL slab without Ipanex 
which signifies that rebar in concrete mixed with Ipanex is slightly less likely to 
experience corrosion activity in the CRREL mixes. A difference from the corrosion rate 
data is that the potential rates are highest (least probability of corrosion activity) in the 
deepest steel reinforcing bar, which was expected. 
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Control 
Figures 76 through 79 show the half cell potentials for the Control mixes. 
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Figure 76 Control large slab Ag/AgCl half cell potential as a function of time 
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Figure 77 Control large slab Ag/AgCl half cell potential as a function of time 
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Figure 78 Control (Ipanex) large slab Cu/CuS04 half cell potential as a function of time 
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Figure 79 Control large slab Cu/CuSC»4 half cell potential as a function of time 
The same general pattern is seen in control mixes as the CRREL mixes. The main 
difference between the CRREL and Control mixes is that steel reinforcing bars in the 
control mixes showed higher potential readings at the time of initial testing, before rock 
salt was applied to the large slabs. With the exception of one test reading in the control 
mix without Ipanex (on 2/9/2010) the potential readings of the large control slab showed 
that the deepest rebar was least probable to experience corrosion and the shallowest rebar 
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was most probable to experience corrosion. There is however no consistent relationship 
between the inclusion of the Ipanex admixture and corrosion probability in the large slab 
control mixes. 
The assumption was made that all tests were performed at 20 °C since that is the 
only correction factor between the Ag/AgCl electrode and the C11/CUSO4 that exists in the 





After casting laboratory CRREL slabs in the freezer, numerous bubbles began to 
form on the concrete surface as shown in Figure 80. Consolidating the slab by means of 
vibration and rodding would eliminate the bubbles temporarily, but the bubbles would 
quickly return to the concrete surface when left alone. With pockets of air inside of the 
slabs, there was no way to ensure that the paste matrix did not contain air void columns 
over the steel reinforcing bars, providing a short circuit for corrosion. If an air column 
were to form between the concrete surface and the surface of the steel rebar, it would 
provide a direct path to the rebar, causing corrosion resistance testing to provide 
inaccurate results in addition to more severe problems with concrete survivability. 
Figure 80 Typical bubble formation on medium slabs 
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In an attempt to discover the cause of the bubbles, the slab placement was 
duplicated outside of the freezer at room temperatures with unfrozen materials. In this 
case the bubbles appeared on the concrete surface but quickly deflated leaving a smooth 
concrete surface and no air columns. The next placement was done in the freezer with 
the control mix and the bubbles continued to form suggesting that the admixtures in the 
CRREL formulation were not causing the bubbles. Next, a sieve analysis was performed 
on the aggregate being used as it was possible that segregation was occurring due to poor 
aggregate grading, causing the formation of air pockets in the concrete. Sieve analyses 
showed that the coarse aggregate, fine aggregate, and the aggregate blend all met ASTM 
C 33 criteria, ruling out the aggregate grading as a cause for the bubbles.27 When no 
clear cause for the bubbles could be found, it was decided to incorporate the use of a de-
foaming agent into the concrete mix. A total of 8 different proprietary de-foaming agents 
were tested. Based on visual evaluations, one product manufactured by Enterprise 
Specialty Products, Inc., FC 611, significantly reduced the formation of bubbles in the 
concrete. The product was initially used at a dose of 0.3% by weight of cement used as 
suggested by a representative from Enterprise Specialty Products, Inc. While the FC 611 
reduced the large surface bubbles in the concrete, ASTM 457 tests revealed that it also 
significantly impacted the air void system in the concrete, which is essential for concrete 
to resist freezing and thawing cycles. In an attempt to offset this effect, air-entraining 
agent dosages were increased. When the air-entraining agent dose was increased by 12 
times and the air content of the hardened concrete continued to be insufficient, the dose 
of FC 611 was reduced to 0.15% by weight of cement in the concrete mix. Numerous 
air-entraining tests were performed on fresh concrete containing the defoamer and 
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varying amounts of air-entraining admixture. From these tests it was concluded that by 
increasing the air-entraining dosage by 6 times the standard amount, the hardened 
concrete contained the most admirable air characteristics to resist freezing and thawing 
cycles. The mix containing 0.15% FC 611 by weight of cement with 6 times the standard 
dose of air entraining was used when casting the laboratory CRREL slabs as well as the 
ASTM 666 samples to test for the freeze-thaw durability of concrete. 
This new mix containing FC 611 and extra air-entraining was tested for 
compressive strength to ensure it did not have an adverse effect on the concrete's 
strength. Results showed that using the mix resulted in compressive strengths that were 
statistically the same as mixes cast without the FC 611 and with a standard air-entraining 
dosage. 
ASTM 457 tests were performed on concrete that was used to make the freeze-
thaw samples. The tests revealed that while maintaining a sufficient air-content, the 
defoamer continued to have an adverse effect on the air void system of the concrete. The 
CRREL samples containing a defoamer yielded an average air-content value of 
approximately 5.25% while the average spacing factor and specific surface values were 
0.018 in and 262 in"1, respectively, which are far from meeting the requirements of 
freeze-thaw resistant concrete. The control freeze-thaw samples were made at room 
temperature and therefore did not need to contain a defoaming agent. The control 
samples yielded an average air-content value of 4.65% and average spacing factor and 
specific surface values of 0.0125 in and 421 in" , respectively. For concrete resistant to 
cycles of freezing and thawing, the recommended spacing factor and specific surface 
values are < 0.008 and > 600 in"1, respectively. While the air void system of the control 
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mixes also failed to meet these requirements, the values were significantly closer to the 
requirements. Compared to the CRREL mixes with defoamer, the control mixes had a 
lower average air-content while maintaining better air void values for freeze-thaw 
resistance, suggesting that the defoamer removed the smaller air bubbles which are 
necessary for freeze-thaw protection. 
To learn more about the effect of temperature on the behavior of the bubble 
formation, cylinders of mortar were mixed and cast at varying temperatures. Mortar 
samples created for this analysis consisted of cement, fine aggregate, and water. No 
admixtures were incorporated in the mortar cylinders. Samples were mixed in the freezer 
and put into insulating chambers similar to concrete cylinders used in previous tests. 
Mortar mixes were created at -20°C, -10°C, 0°C, and 10°C, with 10°C being the highest 
temperature because it was previously observed that the bubbles would dissipate on their 
own in concrete cast at room temperature (approximately 20°C). Two sample sections 
approximately 0.75" thick were cut from each mortar cylinder to undergo ASTM C 457 
testing to evaluate air void parameters of hardened mortar. One section was cut parallel 
to the length of the cylinder, from the top surface which was exposed to air during curing 
to the middle of the cylinder. Another section was cut perpendicular to the length of the 
cylinder, with the top of the section located at the mid-height of the cylinder. The 
locations of the cut sections are detailed in Figure 81. These sections were chosen to 
examine the bubble characteristics in both directions in respect to the orientation of the 
sample. The top section was also chosen to examine the formation of ice lenses in 
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Figure 81 Section cuts from mortar cylinders (indicated by mesh sections) 
For this analysis, the ASTM C 457 test was performed using a semi-automated 
process called Bubble Counter which involves a high resolution flatbed scanner and 
Adobe Photoshop. Bubble Counter is the work of Dr. Karl Peterson while at Michigan 
Technological Institute. The process examines polished samples which are prepared to 
maximize the contrast between air voids and solid phases. Sample preparation involves 
first polishing the sample to a minimum of #600 silicon carbide grit. A thin, even coat of 
1:5 nail hardener:acetone mixture is then applied to the sample followed by a final wet 
polish using a minimum of #600 silicon carbide grit. The polished sample is then 
blackened using a black marker and then covered with white wollastonite powder which 
is pressed into the air voids of the sample. Finally, a single-sided razor blade is used to 
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scrape off excess wollastonite powder. The samples are then scanned and the images are 
analyzed in Adobe Photoshop. Using Photoshop scripts the equivalent of a linear 
traverse is performed as is required in the ASTM C 457 test method. Air content (%), 
void frequency, specific surface, and spacing factor are reported in the results of the 
analysis.1' Figure 82 shows a prepared sample before and after black and white contrast 
is applied to the sample.. 
Figure 82 -10°C polished mortar sample (left), prepared ASTM C 457 sample (right) 
In addition to ASTM C 457 testing, high resolution images of the mortar samples 
were scanned to visually examine the characteristics of the air voids in the samples. 
Figure 83 presents an image of the top section of a mortar sample mixed and cast at 0°C. 
This image clearly shows the columnar formation of bubbles. This section was cut 
parallel to the length of the cylinder. The vertical grouping of bubbles exhibits how a 
short circuit to steel reinforcement could potentially exist. 
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Figure 83 0°C top half mortar sample bubble detail 
Figure 84 shows a scanned image of a mortar sample mixed and cast at -10°C. 
Note that this was a section cut perpendicular to the length of the cylinder. As can be 
seen on the right side of the image, the column of bubbles appears to continue a 
considerable depth "into" the section of mortar. 
Figure 85 shows the top section of a mortar sample mixed and cast at -20°C. This 
image highlights the effect of extreme freezing temperatures on the sample. As ice lenses 
formed on the top of the sample, the lower portion of the image shows that freezing 
temperatures did not penetrate through the full depth of the sample. This was due to the 
fact that only the top mortar surface was directly exposed to the cold air while the sides 
and bottom of the mortar cylinder were protected by the insulating chambers. 
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Figure 84 -10°C mortar sample bubble detail 
Figure 85 -20°C polished mortar sample (left), prepared ASTM C 457 sample (right) 
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Results from the ASTM C 457 semi-automated analyses are presented in Table 
15. 
Table 15 ASTM C 457 results from mortar samples 
Sample 




































Values are misleading due to voids caused by ice formation 
The semi-automated ASTM C 457 process using Photoshop assumes all black 
portions of the scanned image are paste and aggregate while assuming all white portions 
of the image are air-voids in the form of bubbles. When the sections cut from the top of 
the cylinders contained impressions due to the formation of ice lenses, the semi-
automated process assumed these impressions were bubbles. Because of this, the specific 
surface and spacing factor values reported are inaccurate from samples containing 
impressions due to ice formation. While spacing factor and specific surface values in 
these samples are inaccurate, the air content % values are accurate. Mortar cylinders cast 
at -10°C and -20°C developed ice impressions on the top surface, which is denoted by 
values followed by * in Table 15. Disregarding the misleading values calculated in this 
experiment, it can be seen that the spacing factor and specific surface values are 
insufficient to provide resistance from freezing and thawing, which was expected. The 
bubbles seen in the samples are very large, whereas bubbles that protect from freezing 
and thawing cycles are very small and closely spaced. Literature suggests that due to the 
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large size of accidental entrapped air bubbles, the spacing factor as a result is 300 in"1 or 
lower, which is seen in the analyzed samples. The results suggest that in general, the 
amount of air produced when mixing mortar in cold temperatures increases as 
temperature decreases. The large amount of air produced in these samples is shocking. 
In addition to allowing a direct path to steel reinforcement inside the concrete, air 
contents of the magnitude seen in this experiment would have a significant negative 
effect on the strength of the material. 
Workability 
When placing the first large scale CRREL slab, workability issues arose due to 
the amount of accelerating admixtures present in the mix. Even though the admixtures 
were added onsite prior to placing the concrete, the time taken to make two air content 
measurements on the fresh concrete caused the workability of the mix to decrease 
significantly. Air-entraining admixture was added prior to the concrete arriving onsite. 
The target air content was six percent for which a test was performed as soon as the cold 
weather admixtures were added onsite. When the air content test showed the mix was 
well below six percent, more air-entraining admixture was added to the mix and once 
again the air content was tested. The second air test showed that the mix was acceptable 
and concrete placement began. The time elapsed during the two air measurements was 
enough to cause the slump of the mix to decrease to approximately 1", according to the 
truck operator. Because of this, extra water had to be added to the mix causing the mix to 
be poured at a higher water/cement ratio than was originally designed for. As the 
concrete continued to be placed in the large slab, additional water was continuously 
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added to avoid the mix setting up in the concrete truck. When the second concrete truck 
arrived, it was decided that the same amount of additional air-entraining added to the first 
mix would be introduced into the second mix in an attempt to avoid any workability 
issues. When this was done, the concrete resembled self consolidating concrete with a 
slump close to 12". The second CRREL slab was placed in its entirety without any 
additional water needing to be added to the mix. 
This experience gave insight into how time sensitive the CRREL mix is in terms 
of workability. Great care and planning are required to ensure that all materials are ready 
as soon as the cold weather admixtures are added to the fresh concrete, in order to avoid 
workability and placement issues. The complications experienced in the first large slab 
CRREL mix suggest that a change to the mix could be beneficial. A possible solution to 
the problem could involve the addition of a set retarding admixture into the CRREL 
formulation. However, as it is necessary that the concrete reaches initial set before 
freezing, great care would need to be taken if a set retarding admixture were to be added 
to the formulation. 
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CHAPTER 6 
CONCLUSIONS & FUTURE WORK 
In this study the performance of cold weather concrete made with chemical admixtures 
was evaluated. These conclusions are based on the findings of the work presented here 
within, and are supported by the experimental results which have been described in this 
report. These conclusions may or may not be pertinent for different materials. 
Conclusions 
• The CRREL mixes achieved the highest compressive strength followed by the 
PSU, MB, and Control mixes, respectively. Ipanex had no consistent or 
significant effect on compressive strength. 
• The CRREL mixes yielded the highest 3 day tensile strength followed by the 
PSU, MB, and Control mixes, respectively. The MB mixes showed the highest 
28 day tensile strength followed by the CRREL, PSU, and control mixes. Ipanex 
had no consistent or significant effect on tensile strength. 
• The CRREL mixes had the highest 3 day flexural strength followed by the 
control, PSU, and MB mixes. The MB mixes achieved the highest 28 day 
flexural strength followed by the CRREL, PSU, and control mixes. The Control 
mixes showed no gain in flexural strength from 3 days to 28 days. The CRREL 
mix without Ipanex showed a lower 28 day flexural strength than it did at 3 days. 
With the exception of the CRREL mix without Ipanex, Ipanex had no consistent 
or significant effect on flexural strength 
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• The highest average 3 day static modulus of elasticity was achieved by the 
Control mixes followed by the PSU, MB, and CRREL mixes, respectively. The 
PSU mixes yielded the highest 28 day static modulus of elasticity followed by the 
CRREL, MB, and control mixes, respectively. Ipanex appears to decrease the 3 
day static modulus of elasticity while increasing the 28 day static modulus of 
elasticity. 
• All 7 sets of freeze-thaw samples failed the ASTM C 666 test for resistance to 
rapid freezing and thawing. All 7 sets of freeze-thaw samples also failed to meet 
suggested air-entraining requirements for sufficient protection from cycles of 
freezing and thawing as determined by ASTM C457. 
• The control mixes, which were cast at room temperature and cured in the fog 
room for 28 days, withstood the highest number of cycles of freezing and thawing 
before failing the freeze-thaw durability test. The Ipanex control performed 
slightly better than the mix without Ipanex. The air content test showed that the 
Control mix with Ipanex had a lower spacing factor and a higher specific surface 
than the Control mix without Ipanex. 
• The CRREL mixes which were cured for 3 days in the walk in freezer and then 
moved into the chest freezer withstood the least number of cycles of freezing and 
thawing before failing the freeze-thaw durability test. The CRREL mix without 
Ipanex (CRREL (N)) performed slightly better than the CRREL mix with Ipanex 
(CRREL (I)) in the freeze-thaw durability test even though the CRREL (I) mix 
had a lower spacing factor and higher specific surface than the CRREL(N) mix. 
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• The CRREL mixes which were cured for 3 days in the walk in freezer followed 
by 25 days in the fog room performed better than the CRREL mixes moved to the 
chest freezer after 3 days, but worse than the control mixes which were cast at 
room temperature and cured in the fog room for 28 days. The CRREL (N) mix 
performed the best followed by the CRREL (I) mix and the CRREL mix without 
defoamer and without Ipanex (CRREL (ND, NI)). Of these 3 mixes, the CRREL 
(I) mix had the best air-entraining characteristics followed by the CRREL (N) mix 
and the CRREL (ND, NI) mix. 
• The CRREL and MB mixes were the only mixes that penetration resistance 
testing could be performed, as the PSU and control mix samples developed 
surface ice crystals before penetration resistance measurements could be taken. 
Based on penetration resistance testing, the CRREL mixes reached both initial 
and final set before the MB mixes. Furthermore, in both the CRREL and MB 
mixes, the mix with Ipanex reached initial and final set before the mix without 
Ipanex. 
• The CRREL mixes developed pulse velocity values the fastest followed by MB, 
PSU, and Control mixes respectively. Cold weather mixes containing Ipanex 
developed higher pulse velocity values more rapidly than mixes without Ipanex. 
The Control mix with Ipanex initially generated higher pulse velocity values than 
the mix without Ipanex, but this proved to be the opposite after 15 hours of curing 
time. This suggests Ipanex initially accelerates hydration, and then begins to slow 
hydration. 
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• The CRREL mixes generated the most heat after being cast, followed by the MB, 
PSU, and control mixes, respectively. In the case of the CRREL and MB mixes, 
which time of set via penetration resistance was tested, the CRREL mixes 
recorded higher temperatures at times of initial and final set. Furthermore, the 
mixes with Ipanex had higher temperatures at times of initial and final set 
compared to mixes without Ipanex. The CRREL mix with Ipanex was the only 
mix showing temperatures greater than 0°C at the time of final set. 
• The steel rebar inside the medium control slabs, which were cast and cured at 
room temperature, had corrosion rates showing negligible levels of corrosion in 
mixes both with and without Ipanex throughout testing. Half cell potential 
measurements showed that all rebar in both slabs were at a level of uncertain 
corrosion activity before any rock salt was applied to the system. All rebar data 
fluctuated between uncertain corrosion activity and no probable corrosion activity 
until external electric current was applied to the system to induce corrosion. Once 
external electric current was applied to the slabs, all rebar entered the level of no 
probable corrosion activity except for the rebar in the control mix with Ipanex 
under 2% NaCl, which entered and remained at a level of uncertain corrosion 
activity throughout testing. 
• All rebar in both CRREL medium slabs remained at a level of negligible to low 
corrosion activity until an external electrical current was applied to the system. 
After electrical current was applied to the CRREL slabs, rebar in the slabs without 
Ipanex entered a level of severe high corrosion activity while the CRREL slabs 
with Ipanex entered low to moderate levels of corrosion activity. Half cell 
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potential measurements showed that the rebar in both CRREL slabs fluctuated 
between probable and uncertain corrosion activity, except for the CRREL mix 
with Ipanex exposed to 2% NaCl solution, which didn't show potential levels 
signifying probable levels of corrosion until external electric current was applied 
to the system. After an electric current was applied to the system, all rebar 
entered the level of probable corrosion activity during at least one time of testing. 
After electrical current was applied to the medium CRREL slabs, all rebar in the 
mix without Ipanex remained in a state of probable corrosion activity. The 
CRREL mix with Ipanex exposed to 3% NaCl solution remained at a half cell 
potential level suggesting probable corrosion activity while the rebar in the 
CRREL mix with Ipanex exposed to 2% NaCl solution tested positive for 
probable corrosion activity only once before entering the level of uncertain 
corrosion activity. 
• In general, the findings indicated that through the use of chemical admixtures, it is 
possible for concrete to be placed in cold weather conditions without the need for 
conventional cold weather concreting methods. 
• The most promising cold weather formulation proved to be the CRREL 
formulation. Furthermore, the CRREL formulation including Ipanex 
outperformed the formulation without it. 
• Concrete containing Ipanex shows a lower degree of chloride ingress compared to 
concrete without Ipanex. 
• ASTM C 227 tests suggest that concrete containing Ipanex are not more 
susceptible to expansion due to alkali-silica reaction. 
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• ASTM C 1260 tests suggest that CRREL concrete containing Ipanex are slightly 
more susceptible to expansion due to alkali-silica reaction. The Control is 
significantly more susceptible than the Control with Ipanex. Presumably some 
compounding effect with the additional admixtures in the CRREL mix mitigates 
the pore reduction capability of Ipanex. 
• SEM image analyses on porosity showed that the cement paste of concrete 
containing Ipanex contains fewer pores compared to concrete without Ipanex. 
• Field testing suggests that rebar inside concrete made with Ipanex corrodes at a 
slower rate compared to rebar inside concrete made without Ipanex. This was the 
case for both the CRREL and control mixes. 
• When casting concrete in extreme cold weather conditions, air bubbles are formed 
on the surface and inside the concrete. The use of a proprietary defoaming agent 
(FC 611 by Enterprise Specialty Products, Inc.) with an increased dose of air-
entraining agent eliminates the surface bubbles and but does not achieve 
acceptable spacing factor or specific surface to protect the concrete from cycles of 
freezing and thawing in ASTM C 666 testing. 
• The workability of the CRREL mix decreases rapidly with time once the 
accelerating admixtures are added to the concrete. 
• In general, the findings indicated that through the use of chemical admixtures, it is 
possible for concrete to be placed in cold weather conditions without the need for 
conventional cold weather concreting methods, but obtaining air-entrainment to 
protect from freezing and thawing may be problematic. 
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Future Work 
• Investigate potential causes of bubble formation in concrete at low temperatures. 
• Capture, analyze, and identify the gas created causing the unwanted bubbles. 
• Test various air-entraining admixtures to ensure adequate air-void characteristics 
to prevent damage to cold weather concrete due to freezing and thawing cycles. 
• Test various air-entraining admixture and defoamer combinations to ensure 
adequate air-void characteristic to protect from freezing and thawing cycles while 
reducing or eliminating the unwanted formation of bubbles. 
• Develop criteria to allow this technology to be adopted into standard construction 
practices. 
• Develop methodology to adjust the admixture dosage as a function of mix 
temperature for the expected weather conditions. Adjusting the admixture dosage 
for different cold weather conditions could assure the concrete is not over-
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APPENDIX A: Effect of Sample Temperature at Time of Testing 
As a side test to evaluate the strength of freeze-thaw samples with extra concrete 
cast from the freeze-thaw mixes, diametral tests were performed on CRREL (N) mixes at 
3, 14, and 28 day curing times to determine their tensile strengths. At 3 and 14 days, 
CRREL (N) samples were moved to a small freezer held at a temperature no higher than -
25°C (-13°F) to completely stop the curing process. Testing was performed after 28 days 
from the time the samples were made. Results can be seen in the following Table. 
Table Al Tensile strength values of frozen and non-frozen samples 
Mix 
CRREL (N) 3-day Cure (frozen sample) 
CRREL (N) 14-day Cure (frozen sample) 





In the above tests, 3 day and 14 day tests were performed on frozen samples 
immediately after bring removed from the small freezer which was held at a temperature 
no higher than 25°C (-13T) and the result was a significantly higher strength compared 
to non-frozen samples tested after 28 days of curing time. Extra samples from the 3 day 
and 14 day mixes were allowed to thaw for 24 hours inside of a sealed container to 
prevent moisture loss and were then tested at room temperature. The results from these 
tests can be seen in the following Table. 
Table A2 Tensile strength values of non-frozen samples 
Mix 
CRREL (N) 3-day Cure 





Due to the additional thawing time, it could be argued that the 3 day test was 
actually 4 days and the 14 day test was actually 15 days (the data from previous tensile 
strength testing supports this) but the exact effect of being stored in a -25°C (-13T) 
freezer is unknown. What can be seen from this is that testing samples while they are 
still frozen can lead to a much higher observed strength value compared to the same 
concrete tested at room temperature. 
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APPENDIX B: Raw Data 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Note: specimen and apparatus dimensions are the same for all modulus of elasticity data 
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Table B36 ASTM C 227 results 
Sample 
Control (N) 1 
Control (N) 2 
Control (N) 3 
Control (I) 1 
Control (I) 2 
Control (I) 3 
CRREL (N) 1 
CRREL (N) 2 
CRREL (N) 3 
CRREL (I) 1 
CRREL (I) 2 











































































































































































Note: three mortar bars were measured for each mix and their expansions were averaged 
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*Note: X and Y specify GalvaPulse testing locations. X specifies depth of rebar cover (1: 
0.25", 2: 0.50", 3: 0.75", 4: 1.00", 5: 1.50", 6: 2.50") and Y specifies locations above the 
rebar. Potential readings are vs. Ag/AgCl in mV, and corrosion readings are in uA/cm2. 
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*Note: X and Y specify GalvaPulse testing locations. X specifies depth of rebar cover (1: 
0.25", 2: 0.50", 3: 0.75", 4: 1.00", 5: 1.50", 6: 2.50") and Y specifies locations above the 
rebar. Potential readings are vs. Ag/AgCl in mV, and corrosion readings are in jxA/cm2. 
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*Note: X and Y specify GalvaPulse testing locations. X specifies depth of rebar cover (1: 
0.25", 2: 0.50", 3: 0.75", 4: 1.00", 5: 1.50", 6: 2.50") and Y specifies locations above the 
rebar. Potential readings are vs. Ag/AgCl in mV, and corrosion readings are in uA/cm2. 
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*Note: X and Y specify GalvaPulse testing locations. X specifies depth of rebar cover (1: 
0.25", 2: 0.50", 3: 0.75", 4: 1.00", 5: 1.50", 6: 2.50") and Y specifies locations above the 
rebar. Potential readings are vs. Ag/AgCl in mV, and corrosion readings are in (j.A/cm2. 
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